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PREFACE TO' VOLUNffc ft'. 

^ • 

In the opening cnapter of the present volume, which completes th? 
study of continuous-current dynamos, a detailed analysis of the 
effect of armature^eaction on the flux-curve untjpr load is given 
bcfth for non-commu&tiiig-pole and commatat ing-po}e machines. 
In the former, it has always appeared to the writer that the 
ordinarily accepted division of the armature ampcre-ttlriij into a 
" baclfc” and a " cross *' group rests gn ^stniewhata insecure 
foundation>oor at least that its logical presuppositions and its 
I mitations as a troflifui.rcpresontHtiun of the physical facts H^c 
not been sufficiently recognized. The revival and almost Universal's 
use of commutating jwles has largely robbed this question of 
practical importance, yet it is the writer’s U-lief that the non- 
commutating-polc machine fully analysed still affords the best 
approach to a correct understandingftf exactly how a commutating 
pole works : its function isa-imple. hut how it performs it and the 
inter-relations of the main and reversing fluxes are by no means 
so simple. The non-commutating-pole machine is stilt therefore 
given an important place in the chapter on sparking. 

The subject of the eddy loss in solid and in laminated pole-pieces 
has*gain been reviewed in the light of further exj'critnentel results 
obtained since the last edition. 

Two designs of dynamos have (well worked out ill full, in order 
illustrate Jhe application of the numerous formula- which have 
been given in preceding chapters : as explained in the text, many 
of the calculations would not need to lie carried through in such 
detail, the practised designer depending on his judgment and 
expferience. • Yet perhaps it way be |>erniitted fn express some 
regret that only too often* under the exigencies of lnftincss, jnsufli- 
cient *ime is allowed in the dynamo-designing office <or careful 
design and tabulating ol data for future reference. In the end 
such care is economical in time an<* money. 

J?or kirn? permission to reproducejihotographs and dhta referring 
to them, the tharffes of the Author arc 3ut especially to Messrs. W. H. 
Allen, Sois & Co\Ltd. ; to Jf|p Allis-Chalmers'Maiiiifactyriiig Co.; 
to the Britis^ Thomson-Homjtofi (o., Ltd. ; and 1jf Oestikon, Ltd. 

C. t.*H. 

Jmnuaty. 1923^ 





CHAPTER XIX 

ARMATURE REACTION AND THE FLUX-DENSITY CUKV» UNDER 

LOAD IN CONTINUOUS-CURRENT DYNAMOS * 

• • * 

} 1. Diamater of commutation and brush-position:— In the 

continuous-current closed-circuit dynamo, whatever the nature 
of the armature winding, it is divided the brushes into as many 
current-sheets as there are poles. Thus in the case of a dfum-wound 



Fig* 314.—Magnetic field of continuous-currant armature without • 
• fiel<Tmagnet. • 


axmaAre for a 2-pole machine or as part of a multipolar machine, 
two sheets of current as shown by the dotted and crossed circles 
of Fig. 314 flow along the extern al*surface from end to end, and 
thew direction of the currents in Jh^active conductors changes at 
the diameter of Commutation (DC) corresponding to thp position 
of the brushes—unless the jrwiatufe is chord-wourtd, when adja¬ 
cent current-sheets partially £\?er1ap. It may here bb recalled 
that the relative position of the line of the brushes on tfie com- 
mutatefr and the .line passing through the coils undergoing cotn- 
mttation on < ihe armature core ipay vaiy according to the way 
in which .they are connected to Ihe commutator sAtofs, but in 
the toothed, drum cnachifte the conmSdon is usually mafle at She 
.centre of ihe encf-coijpectors, #o that‘the brush position is shifted 
» 1 * *• 
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90 electrical degrees or 90jp mechanical degrees away from the 
true'line of commutation. Jn every case, then, the line or diameter* 
'of commutation'{a. term extended to multipolars by'analogy from 
the 2-pole dyfiamo) must be understood to refer to the actual 
.position of the coils undergoing commutation ratter than to the 
position of the brushes corresponding thereto. 

g 2. The ampere-turns of the armature. —In Fig. 315 (a) a few 
of' the ampere-Vjonductors of Fig. 314 are joined by end-connectors 




as they might be in the afctual 2-pofe machine. So far as their 
magnetic effect is concerned,‘it will be seen that in each pair, one 
on either side of the diameter of commutation, the components 
of the current parallel to the diameter of commutation, being in 
opposite 1 directions, practically cancel out, and only the components 
at gight 'angles to the diameter of. commutation, being uniformly 
in the same direction across the core, are left to reinforce one another. 
Itc will therefore not conflict w ; th the uiagnetic t effect of the end- 
connexions if we ignrtre their actual paths in considering fhe 
M.M.F. of the current-carrying armature as a whole, and imagine 0 
each active conductor connected acioss'to a Corresponding active 
conductor on thf opposite side of <‘he diameter of commutation^ 
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in planes at right angles thereto, as shown in Fig. 315(6). A number 
of loops are thus obtained, each carrying a current equal tdftialf 
the total armature current, of which the M.M.F. jias th^general' 
direction parallel to the diameter of commutation.* If Acting by 
itself, with th* armature in air, this M.M.F. system would yield, 
lines of flux through the two halves of the core on either side of 
the diameter of commutation, issuing from the lower surface and 
cirqjing round to enter jn at the upper surface (Fig. J14). 

In the multipolar case (Fig. 315 (<T)), the crossing of the end- 
connexions in opposite directions in the two layers o£ a banef- 
wound armature,- appears to introduce great complexity, but this 
vanished when the qpd-connexions are dctfeloffcd on the Hat and 
the direction of the currents are examined (Fig. 316).’ Let the 



Fig. 318.—Currents in end-connexions of barrel-wound armature. 


cuiyents be resolved into axial and peripheral components. Then 
considering any one mesh such as abed opposite a pole, the 
,p§rjpheral components practically neutralize one another, so far 
as their magnetic effect is concerned (except for the space between 
the Ihyers) and only the axial* components need be considered* 
But in a mesh such as ef g h in the plane of commutation, it is 
the ax!hl components which neutralize one another, and*only the 
peripheral components which agree in their magnetic effect. Apply¬ 
ing the same analysis to other meshes the whole system of end- 
connexions resolves itself into pairs^qf triangular current-sheets, 
one opposite the Commutation pfane in. which the current flows 
circumferentially, the two triangles* being bounded* by Ihe end- 
connexions of diametric loops ip ThS middle of their* commutation 
period (Fig. 395). When the, strips of current are joined up, 
a series of loops jp reached, 1 whiiji justifies us in replacing tjje 
acftial end-coanexions by the imaginary system of Fig. 315 (6'). 
Thus the *eal armature winding IJiay be assufhed to *be "replaced 


1 See “ A ]Jote oij the Distribution of iTpx around a ContlnuousmarrAit 
Armature," B. Hague an* F F. HaSchritder, Ehctr., VqJ. 75, p. 959 (1915). 

• I 5 
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in sUwo-pole machine by a single coil having for its a*ia the diameter 
of commutation, and in at,multipolar machine by as many coil<j 
' as there'are pojes, each of curved pancake shape (Fig* 315 b and b') . 

The gfeneraf effect of the 2p current-sheets given by these noils, 
u when considered apart from any other M.M.F.’s, may in all cases be 
stated to be the formation of N. and S. polar surfaces about the 
opposite ends of the diameter of commutation and stretching 
along the entfee length of the core. The one polarity shade% off 
into the other at right 1 angles to the diameter of commutation 
about the* centre of the current-sheets, i.e. about the centre of the 



equivalent coil-side of the 2-pole armature (Fig. 315 6) or the point 
where the equivalent coilc^of, the multipolar armature divide 

(Fig. 31$*')- , 

{ 3. The ‘field of the artnatam. alone. —When the armature' 
is wroflnded* by^ air, the flux dun to the armatuse ampere-turns 
will be comparatively weak. B(it wheij the armature, either 
bipolar Sr multipolar, is placed within the etpbrace of the iron 
pole-pieces of the field'-magnet, the length of the«jir-path under 
the pol& i5 so greatly reduced that the same armature M.M.F 1 
will yieM a strong flux, parsing across the poles and traversing the 
two short air-gaps (Fig, ’317). iAs the .armature ‘notates, tf$ 
.* * f <- 






Fig. 318.—Magnetic field ol armature with field-magnet and 
* commutating poles unexcited. , * 


this region is really the centre of polar surface formed by the 
armature. When commutating poles are present, the Qtrve will 
have the shape shotvn in Fig. # and the armature flu* will be 
especially strong under the commutating poles., • *„ , 

It is tyere for the present assumed that the diameter of commu¬ 
tation coincides with the iitterpola»line of symmetry or*with the 
centre of a cortimutating pole. . * , 

If Z berthe total number of conductors distributed round the 
• • • « * • 

1 £xc«pt (or mine* commutation effect^, and slot and tooth effects which 
A* hare n^lectad. * 9 
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armature, and the current flowing in each be f t ■ the ampere¬ 
conductors forming one cifnent-shect 1 are— 

. * JZ * 

—mac.Y 

where Y is the pole-pitch and ac is the number of ampere-conductors 
p^r unit length in the circumference. Assuming the conductors 
to be uniform^ distributed or evenly spaced'in'small groups* for 
gjny angle' in electrical degrees (Fig. 317), or distance x 
measured on the armature surface when 0„ and * fall within one 
currerit-sheet, the ampere-conductors embraced are— 

1 r * » I 

jz w e, x 
2p x ieo 0or 

Between two points making equal angles with the centre of the 
current-sheet or at equal distances from it, i.e. reckoning 6 IX or x 
from a point at right angles to the diameter of commutation, the 
ampere-conductors embrace^ are— 


JZ v 20„ 

jp x m 0T ac2x 


their M.M.F. is 


and the maximum value of the M.M.F, reached on the diameter of 
commutation is 1 -257 JZjlp or 1-257 ac.Y. 

Taking any closed path, as between r q (Fig. 317),"the flux wfeich 
traverses it is equal to the M.M.F, of the armature ampere-turns 
within those points, divided by the reluctance of the double air-gap, 
pf the teeth and of the iron pole and core through which the lines 
pass. Under the present assumption that the armature AT are 
symmetrically placed with respect to the poles, there is no 
and no flux opposite the centre of the pole-face ; thence the density 
rises to a maximum at the pole-tips. Outside the limits of the polar 

1 The values here given imjly that the full current occurs even in the 
short-circuited coils on either sut- o' the central commutation plane. a The 
maximum that will reached if commutation proceeds properly is then- 
fore slightly otfer-estimated, and Is reaBy as shown by the dotted line at the 
apex of tits M.M.F. triangle (Fig. 317$. If it be assumed that in each com- 
mutatif-i zone two sectors are always short-circuited out of a total of 18 per 
pole, i.e. covering a zone of 10* (electrical) on either side of the diameter of 
commutation and that the short-drcuit cusrent follows a linear* law, the 
ampere conductors rise at £ uniform rate of ac per crfl from the centre of 

the curreat-sLeet up Vo ac y x | , end thence at a rate ‘decreasing from c 

iKato xeriP and averaging ( ac e The mkxinfam over a pole-pitch is then 
„ /■ , 1 \ „ 17» 1 n 

m - v (§ + «y^* c Yx !8' 
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arc the armature M.M.F, continues to increase, but for Kl, must ‘ 
now be substituted in the non-coipmutating-pole machine the 
increased length of air-path, namely, Kl f -f f*, as »xj*Sined in 
Chapter XVI, § 6 (a); the density therefore decreases and falk to 
a minimum (but not to zero) on the line of symmetry.' In the 
commutating-pole machine, although it falls to a minimum in the 
gap between a main and a commutating pole, it rises again to a 
se<jond maximum under the commutating pole owjng to the’ stfbrt 
length of the air-gap there. * 

§ 4. The distortion of the resultant field.— Let thj sheets %i 
armature current shown in Figs. 317 and 318 be due to rotation 
of the irroaturc as f dynamo, say, in a ctocltmse direction ; then 
in order 1 9 produce armature currents in the directions shown, 
there must be a N. pole on the left*and a S, pole on the right-hand 
side. Let that edge or corner of the flple under which an active ' 
conductor first enters after passing through an interpMar gap be 
termed the " leading " edge as opposed to the " trailing ” edge 
from under which it emerges into an interpolar gap. If the general 
direction of the two symmetrical sefs of lines, namely, those that 
would he due to the field-magnet system by itself, and those of 
either Fig. 317 or 318 that would be due teethe armature AT alone, 
are now compared together, it will be found that the lines are in 
the same direction in the air-gap and teeth under the trailing half 
of each main pole,*e.g. under each trailfhg pole-tip (r, Fig. 317), 
but that their directions are immediately opposed in thg air-gafi “ 
under the leading half of each pole-face, e.g. under each leading 
pole-tip ( q , Fig. 317), The commutating poles being in thu dynamo 
virtually extensions of the leading pole-tip brought to the centre 
of the gap between the main poles, the direction of the lines in 
the commutating pole? and their air-gaps as due to the field-magnet 
system (including the excitation of the commujeating poles) is 
always directly opposed to thSt of the lines due to the,armatvffe 
AT acting alone. 

But when the dynamo is at work and supplying current, the 
M.M.F.'s of both the field ampere-turtis and the armature ampere- 
turns are simultaneously present, %nd in fact there is only one 
resultant distribution of field du^tc^fihc combined effect of the two 
acting together. * In nature the total flux is ajways the^maximum 
that is possible with the ginei»*nutfiber and distribution* of all the 
aropere-tums> that are present *due regard ^beirfg p*d to the 
reluctivity of the material of ^he circuit whicl*. when of non* will 
ajter as the flux-density A different points is varied with different < 
distributions? /.#. the total flu# is bilked with the maximum 
possiblemumher of forward A'T\ut conversely passA through a 
minimum number*of bdtk hT. If^he symmetrical dk^ribuiion 
which holds when the armature is on open circuit were retained, • 
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‘ the lines in the armature would run in paths parallel with the 
armd^ure AT of Fig. 315 i^and b', and would not thread through 
• .them; Viqji a distribution could not therefore express the mag¬ 
netic effetet of'fne armature turns. It follows that the resultant 
lines of - the field-system no longer pass straight acjross the arma- 
’ture from pole to pole, but tend to become bent so as to pass 
through as many forward 17 of the armature as possible ; in 
other -words, tl£ field is distorted or twisted_round in the direction 
of rotation.. Thus in Fig: 319 it is shown how in a 2-pole machine 
iFa line which is initially central enters the armature in the upper 
left quadrant and emerges from the lower right quadrant, it will 
pass through a certain number of forward amjature ampere-turns, 
and the same will be also found to be true in the mutlipolar case 
(Fig. 319 6). But all the lines cannot flow along the paths indicated; 
the action of the additional forward AT through which the lines, 



Fig. 319.—Resultant flux threading through armature ampere-turns. 


when thus displaced and concentrated, pass is choked by the 
combined effect of two restraining causes, namely, the greater length 
of the path and the greater fall of magnetic potential that must 
result from the increased density of the flux in the trailing regions, 
even if the pernfeability of the material remained constant, coupled 
with the fact that in iron the permeability will in general decrease. 
The lines must therefore be more or less spread out, and thd total 
flux is retained at its highest possible value and linked with as 
many forward AT as possible,on the armature, so that the total 
energy stored in the resultant magnetic field, in relation to Jke 
exciting coils and the armqturfe tturns as a whole, (is a maximum. 

The general Jesuit is shown, in .pig. 320; The distribution of 
the field op. the density in the airigup instead of being, uniform over 
the gteatfer part of the bored face of the main pole rises continuously 
from the leading to the trailing pole-tip. The distortion 'of the 
resultant field now corresponds to the inductance of the armahufe 
current-turns.* If the armature'current is reduced in strength, 
the lines will straighten themselves ant. in -iwinging back to a more 
symmetrical distribution will-cut the f armature conductor, giving r 
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a forward E.M.F., tending to keep up the previous value of the • 
current. In so doing, the stored fenejgy of the amlature c^fcrent- 
turus, due to their reaction on tjje magnetic field, wjll ^appear. 
The greater the armature current, the greater th<? displacement of 
the field as a*whole and of the resultant neutfal plane where the 
lines change their direction relatively to the armature surface. ' 

} 5. The combination o! two or more systems ol M.BLF.— When 
thf lines of the resultant field are thus more or lep distorted and 
concentrated, the length of path follow*! by any otip line round 
its dosed circuit and the reluctivity due to the flux-density %t 
each portion o£ the path will exactly absorb the M.Sl.F, of the 
amper^turns with jphich it is linked. But in ih? presen* case the 
varying lengths of path of the displaced lines and the actual number 
of armature ampere-turns to be traversed by any group of lines 



would have to be approximated by trial and error, so as to judge 
how dosely the two checking causes that have been mentioned 
counterbalance any increased number of forward armature turns 
through which they pass, An immediate and direct determination 
of, the resultant distribution would therefore be both tedious and 
uncertain. The process can, however, be simplified and shortened 
by considering each of the M.M.F. systems separately. # • 

With two or more systems of M.M.F.’s on a common magnetic 
structure, and considering any closed path whjch follows exactly 
the actual path of the resultant lines, if only one system of M.M.F.'s 
is taken into account and difterencse of magnetic potential arising 
frqpn the second or other systems ot M.M.F. are left'out of con¬ 
sideration, a trudjeomponent flux or ctenyty winch can be added as a 
scalar quantity to other such^ccynponents is foufid, provided that the 
final reluctances of any iron p^rfc Sre used in the calculation. This 
does not, however, meet the needs of the practical probletV so*long 
as the*final patfy of die lesuftanj flux is unknown. But nex^ if 
with a compkte knowledge of thfj final ison reluctances in various 
directions, the entire field due to^ach system t>f M.MfF.'e be separ¬ 
ately and independently determined, the composition of tjjese 
fields vecfdriallyVitty regard Jo thelr'directions, sense and*strength 

■ * t 
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• will yield the trae resultant field. For this actual field from point 
to p&jpt is simply the result of the vector potential due to the 
' differenVeyjtems of M.M.F. It^might then be thought that, with* 
the knowledge presupposed, the resultant flux might be determined 
more directly with&ut the need for the use of imaginary component 
'fluxes; these latter may diverge widely from the real path, and 
when two such components are in direct opposition, their super¬ 
position makes^each appear somewhat unreal, 1 . The justification 
for their retention lies, however, in their use as an intermediary 
means for readily discovering»» what proportions to allot the expen¬ 
diture of the M.M.F. of one system along various portions of the 
closed path followed' by> its component flux. Even in somewhat 
complicated cases, a correct apportionment of the component M.M.F. 
along the path can be made by using the analogy of an equivalent 
« system of electric circuits^, .. 

But it mlist always l>c borne in mind that when the path of the 
, component flux diverges from the actual resultant path, the reluc¬ 
tivity of any iron may differ widely from what would be its reluc¬ 
tivity to the component flux,'if acting alone. Yet, lastly, in such 
cases when in parts the path of the ■component crosses the real 
path, it usually sufficcs f to consider only those lengths over which 
they closely coincide; to the transversal lengths which complete 
the circuit may then, be assigned zero reluctance or zero resistance 
in the equivalent electrii system. The ground for the success of 
dich an approximate treatment lies in the fact that in most prac¬ 
tical cases the reluctance of the iron for the secondary component 
nearly a/, right angles to the true path usually has but a small 
effect in relation to the problem as a whole. • , 

Adopting, therefore, the process of determining in the first 
instance component fluxes as due to the fidid-magnet and to the 
armature and afterwards superposing them, the cases of the non- 
cdmmutating-po'le machine and of the commutating-pole machine, 
although largely similar, are sufficiently distinct to warrant Separate 
investigation. Although the latter is now the more usual £ type, 
a true understanding of its action magnetically is best gained by 
a study first of the non-comisutating-pole machine.* 

The NoN-Co^Mtfl'AfiNG-PoLE Machine 
| 6. Thfc resultant field without -angle of lead‘in the non-com- 
mutating-pole ajachine.--(ti) Wilt circuit of constant reluciantt. 
First* lrf the iron phrts of the circuit be assumed of constant per- 
, mejjbility. L - A comparison of the,cross circuits of pig. 317 with the 

1 As in the case of tht* main apd armature componee^s through a 
commutating pile. » « 

* For the plotting of the actual fltx-di|tribj|tion in both the noh-com- 
mutnting-pdle and coramutating%oje machine, see elj^cially ft. Richter, 

, Archiv Jtlr EUktrotecknik, Vol ] l,*p. 85. 
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main symmetrical paths of a 2-pole machine or of a multipolar as' 
( indicated [e.g. in Fig. 226) shows that/he armature lomponyftt flux 
passes transversely across the wijlth of the pole and.thrfSugh the' 
armature core, in each case more or less at right an Jtes to the general 
direction of tJae symmetrical component field from the main excita¬ 
tion. The armature component is therefore termed the cross flui, 
and the ampere-turns which produce it are known as the cross AT 
oh the armature. Bii^t in the air-gaps and teeth, 3f, already started, 
the two components have the same direction, although not necessarily 
the same sense. On the pole and core portions of thg cross mag¬ 
netic circuit there will be expended some small proportion of the 
armatflre M.M.1 7 . embraced within any *ngk#28„ where 6, is the 
angle on ftther side of an axis at right angles to the-diameter of 
commutation, i.e. reckoned fronf the centre of a current-sheet. 
But the proportion so expended will (pr the reason stated in the* 
preceding section be very small, the transversal reluctance of the 
iron bearing only a small ratio to the total reluctance. Deduct¬ 
ing then this small proportion of the armature the 

remainder is expended on the air-gaps and teeth, and the latter 
being for the present assumed as of constant reluctance, half of 
the remaining M.M.F. will be expended,equally on each air-gap 
and on the teeth at similar points on either side of the centre 
of the pole. Fur any two points symmetrically situated in the 
trailing and leading halves of a polc-fiitch, the armature cross 
component in the air-gap and teeth will thus be the samc*and sinta? 
in the trailing half it is in the same direction as the main component 
but in the opposite direction in the leading half, the resultant flux 
density in the one half is as much strengthened above the normal, 
as it is weakened in the other half. The resultant field is then 
merely twisted rounU in the direction of rotation, becoming much 
denser under the trailing pole-tip, and much weakened under the 
leading pole-tip, and gradually reverting to the initial \alue of the 
density at the centre of the pole. Thus the two systems of M.M.F. 
being in quadrature, and the iron being assumed of constant 
permeability, the total value of thd flux is neither increased nor 
decreased but remains unaffected* But, as indicated in Fig. 319, 
the resultant flux in varying d^gr^rnow threads through a certain 
proportion of tie armature ampere-tuns, and thereby the energy 
stored in the magnetic field fc increased, lug. t£king»any line in 
Fig. 319, the ampere-tums of the armature with Jvhiclr^t is linked 
are fyoportional to the sum,of the distances* from the phle-centre 
^t which it enters and* at whish it emerges from the armature 
surface. .* . • 

But ih the given case there remains the question vfliether owing to 
the distortion <jf the fiefd tlfere is anj reduction of the H.Jl.F. of the 
1 armature* even thcmgtj the dotal "fhlx may retrain the same. The 
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• brushes being assumed to be on the interpolar line of* symmetry, au 
the ahtive conductors within the angle by which the neutral line 

' has beeiruhi/ted ahead of the line of symmetry are positively harm¬ 
ful, so that on "fans account there would be a loss of E.M.F, But 
on the other hand, this back E.M.F. is balanced by an equal increase 
in the forward E.M.F. of the active conductors within the same 
angle behind the symmetrical line. There is in this case, therefore, 
no net- loss of E*M.F. in spite of the displacement of the resulting 
field—a result which maytdso easily be arrived at by the following 
consideration. Since the E.M.F. of a drum armature as a whole 
is proportional to the algebraic sum of the resultant flux embraced 
within a loop situated Older the brushes, if this resultant'flux is 
reproduced by the superposition of two Separate flux-distribution 
curves it is evident that the E.M.F. of the armature may equally 
‘well be calculated by considering the E.M.F. given separately by 
the two component flux-curves, each being summed up algebraic¬ 
ally within the embrace of the short-circuited loop. The cross 
flux traversing the armature core in a direction parallel to the 
diameter of commutation, no portion of it is embraced by the loop 
in the position of short-circuit. It has therefore no net effect, and 
the initial symmetrical main field remaining unaltered, there is no 
reduction of the E.M.F. in spite of the fact that the diameter of 
commutation does not correspond with the position of the resultant 
neutral line. * 1 

* *If the reluctance of the transversal portions of the cross circuit 

be neglected as of small account, so that half of the armature M.M.F. 
may be credited to overcome the reluctance of air-gap and teeth 
on each side of the centre of the pole, the resultant density at any 
point distant 6 tx electrical degrees or x cm. from the centre of the 
current-sheet and under the pole is— 1 • 


1-257 


[at, + AT,£ * I 8 qoJ 


Ki, + 

1-257 fAT, + ‘AT ( ±flc.x) 


Kl, +K 


(140) 


(i) WUk varying rductame of iron. In. tfeg, t>\ yron , 

efr^ooth the local cross* agd main magnetic circuits, 
it i» possiM* in aVmootli-core arrflafu(e that under uniform distri¬ 
ct ot - 6900 the 11011 o£ the 

) >■< aw icsudam j).. v i rfnjx,,ni * 11 permeability, so that 

iuj™ 6 reJactivity was ^ f 1 “•»* reluctance, ftnther, . 
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flux 'would fce* slightly reduced, but the distribution of the latter ' 
would still remain symmetrical about the centre of the p«$-face 
*as in the previous case. Such a possibility would, however, rarely ‘ 
ocaur, and in general the rapid rise in the reluctanc^bf tha saturated 
iron in the trailing portion of the pole and under it, where the main 
and armature components agree in direction, cannot be balanced 
by an equal decrease in the reluctance of the less saturated iron 
under the leading portion of the pole. This is especially the Case 
with the toothed armature in which the’iron teeth become highly 
saturated near the trailing pole-tip. n 

The two portions of the armature cross flux in the. air-gap 
under file poles thejs become unequal, yetrthe excess of the leading 
portion of The cross flux must in some way be enabled to complete 
its circuital path correctly. It is not the case that the actual 
ampere-conductor* of the armature car} be coupled up across the ’ 
armature into two sets of ampere-tums of unequal' magnitude, 
the greater to act on the path of higher reluctance ; for the effect 
under one pole is repeated in the same order and is not spacially 
reversed under the next pole. The solution is, however, found 
in the redistribution of the resultant magnetic potentials; in 
relation to the armature ampere-tums a% acting alone, the poles 
no longer remain at aero potential, but the potential of the N. pole 
of the main field rises as a whole above zero t# some positive value 
+ a', and the potential of the S, pole siifks as a whole to a similar 
negative value - a’ (Fig. 321). That is, in the resultant ficM + 
and - AT t of the polar faces exceed AT r ‘ and - AT/ (which would 
arise from the field excitation alone) by the numerical amount a'. 
•By this means two results are secured. The M.M.F. of the 
armature turns with which any line of the cross flux is linked is 
ne longer expended m equal proportion over the two gaps and 
teeth, but over the leading gap at any distance y reckoned from 
the centre of the current-sheef (Fig. 321), there acts the differeifce 
of potential -f- ac. y- a', and over the trailing portion at any 
distance x there acts a' - (-ac. x) = ac.x No - cross flux 

passes through the gap under one phlc when the potential of the 
rore facing it has the value ac. d *= a', and under the other pole 
wken the potential of the core %njg*if has the value-ac. d — - a'. 
This implies that the point of zero armature £ux movej backwards 
against the direction of rotation, Snd the distance by which the 
zero point iy shifted back, sowtfiaf it falls behind the centre of the 
curreijt-sheet or centje of thg pole in our present case, is*fixed by 
the relation ac. d = a'. • • • » 

The inequality of the fluxes as thereby lessened owing to the 
greater proportion of the armature M.M.F. expended’oti’the trailing 
side. But it is^ilbt necessity ttu^t She inequality shodld be snore 
than reduced; for*at the «ame tifne the difference of potential. 
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= 2 a' acts between the poles and passes the excess 
of thd^ux of the leading sidp via the two paths of the yoke (in the 
reverse dsreftion to the main flu^t) from one pal? to the other, and* 
the circuit for*fne excess flux is thereby completed. The abeve 
two effects thus proceed together, and owing to the comparatively 
low reluctance of the yoke a very small value of a' suffices to equalize 
a considerable divergence between the amounts of the cross fluxes. 



Correspondingly the requisite account of shift backwards d — a' jac 
is very small. Were it not fo- ( ihe above equalizing effect, a large 
movement backwards would be required, and tfie reluctance of 
the saturated teeth could be rdiediupon in much greater degree 
to limit displacement of the re->ulta,nt field. Further, it will be 
noticed Chat it is due 1 to the excess flu:? acting js a back flux opposed 
»to jhe mail field that the tooth, saturation does actually cause a 
diminution in the total resultant ,flux below the value,that would 
otherwise he given the field excitation with teeth of constant 
reluetancf. 1 • • * * 

. If l t — length of path in the^yoke.from pqle to pole*and «, is „ 
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the double csose-section of the yoke (Fig. 321), the reluctance of the 
two paths in parallel is l,ja ,, or if it,is known that abouW(500 
T will be expended over the yokg in a complete magjetidxircuit. 
when, say, the useful resultant flux is 300,000 per ftn. of •armature 
core length, the resultant reluctance for the riJain and armature 
fluxes after eliminating the area of yoke required to carry the* 
leakage flux is— * 





1-257 x l5bO _ 

' k» 000“'^ 0 0063 P 61 " armature. 


core 



Flo. 322.—Armature ampere-turna with angle of lead. 


• • 

The back flux which the yoke will carry to equalize *the cross 
fluxed in the leading and trailing portions of the pole is then 


1-257 X 2 a' 
00063 



If «c = 260 pe^ cm., since a.' ~g».d ~ 2G0 x d, this becomes 
104,000 x ^ per cm. of core-length, which shows how great is the 
effect of even a smhll amount «of shift d by way of balancing the 
fluxes. * . * * > • ^ 

Thu} with the diameter of ccgnmutation retained on the inferpolar 
li*e of symmetry, the aritiature <jfoss flux can affect the E.M^., 
but only by«teason of its altering the n»gnetic state of the iron 
and thereby influencing the maift component’field. • ■'* 

I 7. Thf resotyaht flek! with a forward angle of toad-“-j» With 
* iron of constant reluctivity. When fill armature is carpdng current 
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' without any angle of forward lead being given to tfae<bru$hes, the 
previous investigation will,have shown that the neutral line is 
' -advances ^iead of the interpolar line of symmetry ihrough som/ 
distance (" ait3 is by the same amount ahead of the diametef of 
^commutation, so that the coiLs short-circuited by the brushes in 
the commutation zone are moving in a more or less strong field 
of the incorrect sign, i.e, in a field which so far from assisting to 
reverse the current is actively maintaining it ( in ate original direction 
before commutation. * 

•The effect of advancing the diameter of commutation forwards 
beyond the line of symmetry has therefore now to be considered. 
Let an ahgle of lead Of A mechanical degrees or X, electrical degrees 
(= pX) be given to the brushes, the corresponding distance through 

which the diameter of com¬ 
mutation is moved ahead of 
the interpolar line of sym¬ 
metry being q cm. mea¬ 
sured on the surface of the 
armature. It will be seen 
'from Fig. 322 that the ar¬ 
mature ampere-turn system 
then becomes unsymmet- 
ricalfy placed with respect 
to the <iield poles, and that 
the two systems of M.M.F.'s 
are no longer strictly in 
quadrature. If the direc¬ 
tions of the currents in the 
of 2A degrees, i.e. X degrees 
on either side of the interpolar line of symmetry, be compared with > 
the direction of,the current in the field-magnet wires which are on 
the same, side of the magnetic eifeuit, they will be found to be 
opposed. 

Now t/ the resultant field retained a truly symmetrical dis¬ 
tribution about IS, as sho*n by a dotted line in Fig. 323, i.e. 



armature conductors within the belt 


if each line entered and left •■the armature at the same distance 
on either si3e of the interpolar Jinf of symmetry IS, an examination 
of Fig. 3^3 will show that all lines outside the interpolar zone of 
2X, degrees will have threaded through a number of armature 
ampere-{i»rns opposed to their ^direction, and proportional to 1X U 
for fhc bugle 10'A' = 10A = 90°-Af= IO’E„ so that EO’F =» X, and 
E$B' — % l. Numerically, therefore, these back ampere-turns afe 

2^ X y^p. oruK • 2ejt- It woulcf^then be justifiable to imagine the 

armature Conductors within *2.X C to be 1 coupled directly to form 
a belt of " back gmpere-tums ” on each ijiagnetic circuity leaving * 
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the remaining tamature conductors to be coupled up into a belt 
of cross ampere-turns in strict quadrature with the field amper^ums, 
Vhe entire number of armature conductors is thus (Jivided into two' 
set# of ampere-turns as shown in Fig. 324, of s^hicn the former or 
the " back ampere-turns " embrace practically the entire magnetic, 
circuit and being in direct opposition to the exciting ampere-turns, 
partially demagnetize the field, while the cross-niagnetizing 
ampere-turns have the # same effect as has lieen previously described 
, in § 4, twisting the resultant field round in* the directiomof rotation, 


and weakening it at the leading pole-corners but strengthening it 
at the trailing pole-corners. If 9,' -- 90° - X tt the^naximurtl value 





Fig. 324.—Back and cross amperc-turns of armature wuU angle 
of lead. • 


of the cross ampere-turns acting between opposite comers of the belt 
on a cross circuit would be— 

JZ 29,' JZ 9,' 

• 2p X ]go s or on the half circuit, ^ X . . (141) 

• . * /Z 21. 

while the back ampere-turns are — x or in relation to a half 

magnetic circuit are— • ” . * 

AT * = 2p x I80 3 = aC ' . ’ ’* ' ' ( 142 * 


The relative proportions of the two Sets will depend on the angle 
of lqad, and together in relation to £ magnetic circuit they make 
up the ampere-tu^is of a current-sheet jfcT/2p. . 

Neglecting then any weak fringe ottering or leaving the tumature 
within the double angle 2A,, the Jot afflux if it remained syn^ietncal 
would be that due to AT, - AT t acting on tlie single air-gap* teeth 
and cor?, and owing, to the presence of the back ampert-turnsiifi 
amount for tjie same field excitation would be less than if there 
• were no l^rd given to the brusheS, * * * 

But the cross effe*t ot tRe cfoss amjfcre-tums has not bdfeji taken 
jnto accourtt, am! although tjne abotfe division of the armature 

*—<WM*J 
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Chapter Xix 


ampere-turns is commonly adopted as a conveniertt basis for calcu- 
latiife: it does not truly represent the facts. Owing to the distorting 
effect of the pross ampere-turns the distance from the interpoiar 
line of symmetry, at which any resultant line enters and the distance 
at which it leaves the armature are rendered different. It will then 
be followed from Fig. 323 that in proportion to the degree to which 
the resultant lines are twisted round into a general direction at 
right angles the diameter uf commutation ■in the 2-po!e machine 
r or so that the distance from IS at which any line passes through 
the armature surface is less on the trailing than on the leading side, 
the liumbrr of the true back ampere-turns of- Fig, 323 through 
which fhey pass iS’profJfessively reduced. Finally, if all thb resultant 
flux was twisted round so that it traversed the core &t right angles 
to the diameter of commutation or so 'that the lines entered and 
left the armature surface at the same distance from the diameter 
of commutation, there would again be no back ampere-turns. A 
closer analysis of the component fields on the true basis of the 
ampere-turns uf Fig. 322 can therefore profitably be made, and 
first for the case of iron assumed as of constant reluctivity. 

Reckoning the armature ampere-turns from the centre of the 
current-sheet 90 electrical degrees from the diameter of commuta¬ 
tion, i.e. from a point C) cm. ahead of the centre of a pole in the 
direction of rotation. Fig. 322 shows that a greater proportion of 
the armature M.M.F. is brought to bear on'thc leading portion of 
the pole. Further, if the zero line of the armature flux remained 
at the centre of the current-sheet, the area of pole-face over which 
the larger part of the M.M.F. would act would be increased. Con¬ 
versely, the trailing portion acted on by a smaller magnetic potential 
would be of decreased area. We thus meet with a second and new 
cause which would result in the leading portion of the cross flux 
, being considerably in excess of the trailing portion even if the teeth 
were of constant reluctance. The same equalizing action that has 
been already described in § 6 (6) then comes into play ; the poles 
diverge in magnetic potential, and there is a shift backwards of 
the point of zero armature flux, wlijle some back flux flows through 
the yoke, reducing the resihtant total field. 

(i) With iron teeth of Varying reluctance. When the effect of 
varying reluctance in tHfe teeth is combined with that of an angle 
of leadi both of the causes described above kftd in § 6 ( b ) unite to 
re ; nfnr£e one Another, and the values of a', of d and of the back flux . 
are correspondingly increased. It thus results that for ,the same 
< field excitation the total resultant flux is further reduced by the 
angle o£le^d, but .still remains distorted forwards. ' 'Actually, some 
portion of the resultant flux may be sufficiently distorted to pass' 
through some forward armature ampere-turns, ,yet the bulk of the 
flux is not so -much displaced as' to {.ollew up the diameter of 
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commutation*; tonsequentiy on the whole there remaips some back 
effect, although much less than is given by 2 Al\ — ac. 

% It has been stated above that in the design of the ^pn-tommutat- 
ing-pole machine, it is customary to calculate .fhe ampere-turns 
expended over»air-gap, teeth and armature core for the required 
normal densities as given by a symmetrical distribution of the main 
field, and then to add the full value of the back ampere-turns 
ATf= ac. cx to obtfiiq AT f . The assumption tha/ all the useful 

• flux passes through such back ampere-tums contains Kttle error, 
since only a fringe of weak density is concerned in the region covered 
by 2A or 2 C\ . But the true back effect is over-estimated, aild the 
approxiirfhte accuracy obtained by the assdmj5tftm is only* due to 
the fact thrfi the value of «' due to both causes—angle of lead 
and tooth reluctance—is ignored ; tile back effect of 2a' not being 
taken into account supplies a correction, and the result thi^ obtained 
may actually be either a small under-estimate or over-estimate. 
The view of the matter above presented does not therefore possess 
any great superiority in practical accuijicy, but gives a more strictly 
correct account of what actually happens. 

It remains to be added thilt with a constant armature current, 
if c"' be the distance of the neutral line (where the flux changes 
direction relatively to the armature surface) ahead of the inter- 
polar line of symmetry, the first effect of shifting the brushes 
forwards is to inccea& the distance c'" as compared with itj value, 
without any angle of lead, but progressively by less than the 
amount cx, A maximum value of c"‘ is thus reached when the 
diameter of commutation has overtaken the neutral line Vnd cx 
= A farther movement forwards of the brushes, so that 

c-x > c'", causes c‘" itsjlf to move slightly backwards, and thus 
finally the short-circuited coils arc enabled to reach a sufficiently 
strong reversing field for commutation purposes. • 4 

j 8, The complete curve of flux-density over a pole-pitch,—(a) The mag- 

tutic potential of the arnuUure core , One of the two surfaces between which 
the flux density is to be found, viz., the cylindrical surfcicc, level with the 
bottom of tlie teeth and slot*, being at a magnetic potential varying from 
+ AT t to -AT C , the first .step must be to determine what value of this 
varying potential of the armature core will correspond to any giyen point x 
on th^ surface. • 

When the field is dfcplaced under the Action the armature ampere-turns 
on load, the state of« saturation of the armature core* at sipiilar distances 
ahead of and behind the*interpola$ lifte of'symmetry no longer regains the 
same, so that the centre point on the aAnAtaro core between Jfche pol^tips no 

* longer falls on tlic plane of zero ma^ietic potential. Neither is the satura¬ 
tion of th % core symmetric^ on cither side of the resultant neutral line or 
plane of maximum flux in the* armaturg core, so that the plafffe of zef'^ 
potential no longer coincides with the resultant neutral line. 

. In some radial*plane ahead of the cen^/b of a pole in#the dir^tiog of rota- 
Uon the resultant flux in the armature core bifurcates, and proceeding in 
cither direction it grow* to a rftaxifcum on tHe resultant neutral lifl^ when* 
flux ceases to enter tlfc armature core and ^begins to emergo from it. From 

4-ft* rttanA rsf i#r)pr a W w->1« 49CW !«*■ AT b- it*. 






total ampere-tuftis‘expended over the core below the teeth against the direc¬ 
tion of the armature's rotation up to a neutral line or plane of maximumflux, 
i.% in the leading portion relatively to the pole ; and let AT e , be tUe 1 total 
amp?re-tums expended over the core frtm the same plan#,of trifurcation, 
but fallowing the direction of the rotation up to the next plane of maximum 
flux, i.e. in the tmiling portion of the circuit. If then ft stands for half the 
w AT -AT 

difference between these two values, i.e. for - - l , the magnetic 

M 

potential in ampere-turns on the first neutral line must be 4- h and on the 
secoqd neutral line - h (fig. 325), The potential of the plane of bifurcatidh 


under the N, pole, whether be reached from th* first or the second neutral 
♦ A t -|- A T ' 

line, must be the same, viz., A T t ■= ■■■ ■■ cl _ and only thus can we have 1 


as the difference of magnetic potential between the bifurcation poinUunder 
the N. pole* and the resultant neutral lines on cither sid<^the required values 
of AT c - h =: AT ^ and A T- (- h ) - A T c + h = AT er Whether the value 
of h is itself jfjsilive or negative, i.e. whether AT oi exceeds depends 

upon the circumstances of the case and especially on the degree of satura¬ 
tion in the core. In a non-commutating-pole machine, the resultant neutral 
plane of maximum flux is nearer to the leading fhan to the trailing pole-edge, 
and the flux is withdrawn more quickly as we proceed in tho direction of 
rotation towards the leading pole-edge than in the reverse direction, although 
this no longer holds when the poles arc reached. If the core is not highly 
saturated, the expenditure of ampere-turns ^T cl corrosjxmding to the leading 
section is then les9 than AT ci . although it may be very slightly. In a com¬ 
mutating-pole machine tho opposite is the case; the neutral plane is again 
nearer to a commutating tlian to a main pole, but so little flux is withdrawn 
by the former that the longer path to the next mai* pole makes '1T 01 exceed 
AT e i appreciably, and the signs of h in Fig. 325 are then exactly reversed. 

Hence, in a non-cormnutating-polc machine, if Aff cx1 and AT exl ore 
respectively the ampere-turns expended over Ihg armature core from, the 
neutral line up to any prllnt x on the leading and trailing sides respectively, 
ths resultant potential of the core at the point x will be 4 {AT CX ^ A) on "■ 
the leading side and |- (AT cx2 - A) on the other side (Fig, 325; cp. also the 
curve at the foot of Fig, 327 and column 8, Table XI). 

(6) The main field component. In order to determine the radial component 
of tljf flux in air gap anti teeth, let F A T v ' and - A 7y be the potentials of 
the pole-faces corresponding to the main field component, these values being 
slightly less than tho resulted values -p A‘l\ and - A T p for the reason given 
r n § $ (6). They are to be considered in relation to the cylindrical surface, 
level with the bottom of the teeth, at its resultant potential varying unsym- 
metrically on either side of the resultj^nt neutral line whereat is k. Thc # 
point of balance between the tendency for tlu? main component flu» to pass 
into tho core from, say, a trailing N. pole-tip and thy tendency to pass out 
of the <xAc into the leading S. pole-tip thus no longer falls on the interpolar 
hue of symmetry. The distance c* of this poii^ from the flailing pole corner, 
measured on the armature surface, must fall short of the resultant neutral 
line or be on its trailing side, since the armature ampere-turns displacing the 
resultant field are at present left out of ennsideratinn. It will depend on the 
potential AT^-h of^he armature core surface below the teeth and under¬ 
neath the point c\ for,this must be deducted Irem AT t ' on tl*e trailing side 
and added to AT g ' on the leading as reducing or Increasing tjw differ¬ 

ence of magnetic potential acting 8n the #ir-gap and teeth. * If cft ( ' be the 
k equivalent reluctance of the teeth pci sq. cm. of path in th^air at y>int^', 
the position of that point is^iven by^thc relation 9 


^2S7 mfAJ,' (A T„. it) | * 1 257 *' {7,' + ( AT„■ - A)) * 

&'+ »,+ Mt (e . """ f(U~- «')+.«;+ i»„." 

• _ • * , • . « 

whence (if tm very small diffejeneg between m and m' is neglected) 

. t *><•&—at5* ■ 


(M3 r 
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The folnt s', being the tangent point at which the componeift field flux just 
toudVs the cylindrical surface below the teeth on its way from a N. to a 
• S, pole out/Ioes not enter it, is thus found to have moved ^gainst the angfe 
of lead, i.t. to fafl short of the mid&ay point c. The numerical value <if the 
flux from either the N. or S .pole if each were acting alone is exactly the Same 
, as ii the saturation of the core was symmetrical about th$ centre line and 
was the reluctance per sq. cm. of path in the teeth, viz.— 


l*2S7.47y_ 

^ fc + Kl, + * , 

but its position is shifted away from the centre. 

' In the interpolar gap not far from its centre, cfl* c ' is entirely negligible as 
compared >frith the reluctance of the air-path, and the at per cm. length in 
the armature core- is nearly constant, since but little flhx is there entering 
or leaving the core. r Proifi a knowledge of the maximum flux density in the 
core as due to the flux which each pole is to give, an estimate can be made 
of the maximum at per cm, length in the core; let this, when reduced 

. . mean diameter txdow teeth , . . , , 

in the proportion - - .. , lx* denoted by at . The 

r 1 arm:i/.urv dimnetor # 

neutral Une' in the armature core being set at about where c^ is the dis¬ 
tance to which the diameter of comm u La lion is assumed to be advanced 
ahead of the interpolar centre, AT r ^> can lie approximately assumed as 
at' 0-375 ejj). Substituting this value in the above equation, the 

value for e f can be determined from the data of design, as 


<-(f i- MJt) 


0 375 Cfi.ai'-h 


In cither expression the last fraction is so small that the divergence of c' 
from c only possesses a theprctic interest, and in practice hardly needs to be 
,closely determined. 

The ifi*gativc flux lu the loading S, pole must now be made to grow at the 
rate— fur any distance x' from the trailing N\ polo-lip up to c\ and the 
positive flux from the trailing N. pole ahead of r' must be made to grow at 
the rate — from y‘ 0 up to y‘ - 2c c\ where y* is the distance /rom 


the leading polc-cdgc, Wut when the point o' is',cft, we are justified, as in 
Chapter XVIII, § 3, in taking into account the actual potential of the core 
at the level of the bottom, of the teeth, provided that the actual reluctance 
'of the teeth, £ti i£C per sq. cm. of air-gaj/ arcA, is inserted in the denominators. 
Thus when we pass from a N. to a S. pole in the direction of rotation 
(Fig. 325), in place of A - h in (J44), the potential of the core is AT cst - h 
behind the resultant neutral line, and - ahead of it. 

If %' be the distance of any r point from the itatling corner of a N. pole, 
the component density at the armature surface duo to the main field 
considered separately will then tx* from — 0 to x'c* 


1 ocn r*" ( A T r - I' 4 T ct*- A )) 

125,1 f ^+ HF^r 


■ L 


m’{AT r ‘ + {A T„. - h) l 
f(2c - c‘) Kt, + 


-*n x *n 

% *'J 


H /= tfe distance of any point Item' the leading comer of the N. pole, the 
madn component is ‘.‘rom y'= 0 to y' — c - c"' 


• i 2t7l m! ' < V' ( AT e# + *) , 

L */+»/+**' ■ 


m-{AT/ +{Ar, xl + k)} yi 
{c'+K!,+ " " 2c - c'J 


and from y'= c - c'" to y'— 2c -c' c 

,,'„[»W_+WJe*-!±) , y_~\ 

, L ■■ & -VXi.+* lm ' + ic-c'J 
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. * 

while under the pole it will be on the leading side 
I•257^:;^ r « , - A > C 

V A i Q H- 


-i A1 

KL 4- IK, 


the ^faiJside, 


the change occurring when AT CIl h ^ A T cxl - h. (£/>. columns 15-17, 
Tabic XI.) 

(<) The armature component field. So far as the armature component flux 
is concerned, the core below the teeth may for simplicity be treated m 
throughout at aero potential, the furtlicr progress of the resultant flux «ft«i 
reaching the cylindrical surface below the teeth Jveing careif for in the item 
AT CJ . The latter as calculated should, strictly speaking, be related to A t r . 
and not to A If, from which it has been deducted; but the calculation oi 
separate values of A T fX for the main and armature components respectively 
would be unnecessarily tedious. Neglecting, then, any expenditure ol 
armature Aupcrc-turns i*ver the core, when amiaflire•cdhiponent llflx cuter- 
the teeth at a*y point distant % cm, on the trailing side from the centre ol 
the current sheet and passes through somi^of the am pern* turns, its potential 
is raised from ;l negative valu£ by the M.M.lv ac , x so that it becomes xftru 
at tlvc level of the bottom of the teeth, and as it enters the teeth and passes 
through some of the ampere-turns to leave the surface at point y on the 
leading side, its potential is raised from zero by the M.M.K . y to a positive 
value, The surface of one half of the two-pole armature is thus in relation 
to the armature flux at potential - (ac . ar-loss over teeth) and of the other 
half at potential -\- [ac .y - loss over tenth£ 

Now, if the bifurcation point of the armature flux indifferently into either 
a N, or a S. pole l>c supposed actually to follow up and coincide with the 
diameter of commutation, the difference of potential acting on the trailing 
and leading sides respectively would he ac . (V/'iJ 4* «' and ac (YJ 2) a\ 
which may also l>c expressed as ac. (V/3 •[» d). From the ruation 


m . ac(Yf2 i/) _ tii , ‘.ac{Yf'Z-$ 

to i- c ;t Kl a " to - *'j) + 

we liave 

d __ y ('»' 4‘ «t)‘X t (<•»' "') (C + Kl,tl} 
{»«' 4- m) {c I /v7,/{) -I- (m' - i»)c X 


This would give a very large value for tf or »'■■■ <tc . d, which acting On the 
yoke would far more than balance any difference in Ihc cross fluxes. Hie 
bifurcation point c" llicrefect* frills considerably behind c although in advance 
of c. The magnetic system of the armature flux lends in fact to maintain 
the Configuration which it would Uav| if the armature M.MJF. wen* disposed* 
symmetrically in relation to Ihc poles. In spite of the fact that th* rise and 
fall of the potential of the poles above and below zero, which increases the 
proportion of the M.M.F. expended over the trailing side, also tends to 
increase the trailing fringe, this is more thai} offset by fhc alteration in the 
two denominators an c" is increased. 

Since it has been shown that tlic bifurcation point e" of tlte armature 
flux must fall behind c^, but must Iks in ^lv;mc« of the intcifohtr line of 
symmetry, the relation which dctcmuvfcs^t is 

m.ac{y/2 -[ey *") + <*} M {A-/2 - - c*] -<f}« • 

~i&~+<#)~+«t, (>-o+ «; '■;• > * 

whence • • • 

n; +C'{YI2 - c x + ^ If + kg| - <0) - 

•* [C + M'M {*- (Yfr-H)) .. , • IH6) 

c" alwayB has some |iifall value, but in pra&ice it is so small that, as in the 
pase of (f, 4 \mly possesses a theoretic interest. Under the action of the 
armature ampere-turns, is determining the final state <Jf satiation in the 
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teeth white the tangent point o! the main component field* lulls back behind 
the intopolar line of symmetry very slightly, the bifurcation point oi the 
. armature component field only advances very slightly forp-aids, / 

A preliminary cind approximate tabulation of the value to be assignee! 
to d may be made ,by first assuming that there is no shift and taking 
ac{jSYj2 4- efi as acting on the leading corner and ac{@Yj2 , Cj) on the trail¬ 
ing comer. The density from the former, - is practically determined 
solely by the length of the air-gap, the tooth reluctance for the resultant low 
, ar(f)V/2 + ci) 

delislty thereat b^ing negligible, and is therefore closely = 1 -257 — ^ -» 

The reBultnnt density at the trailing corner will on the given hypothesis be 

.. AT,’.i- ac {pYI2- n )-Ar t ^+k) 

°> v*™ ~ fa.*}*;- .* • 

r - * i 



Fig. 32G.~“I > rclimiliary estimate of cross fluxes without any shift d. 


By tri3l corresponding values of iKaj, and B* are found, and the armature 

«r(/fy/2 n) ' • 

component is then fi cl ' V Ajy ( ... f . } .. AT ^ f- h ' ***** 

then - B C q and B co " for the two corners and joining them by a line passing 
through a point ^ ahead of the* centre of a pole, after the manner shown in. 
tig. 326, ^he important part of the cuWe is determined, and the remainder 
can be approximately completed. The total of each of tire two portions of 
the cross flux can thence be estimated, and their difference found*. The 
value to be taken for d will then be slightly less than the value which will 
pass the whole of the difference*‘as back flux through tire yoke, 

Reckoning, then, x and y fronv a point at right angles to the diameter of 
commutation i,e. distant cm ahead of the centre of the N. pole, and bear¬ 
ing in mind that the N, pole-fatai's^tself at potential ^ a'= d. ac infla¬ 
tion to the armature flux, the component density at the armature surface due 
to the armature* ampdre-turns is . ( 

- 1*267 vSr ^-$ on the leading side from y — 0 to jr BY ft + c i. 

* * Kf 0 + cK^ 

and on the trailing side faim x 0 to x = pYj2^c^ 

Continuing on ( the traiVng side, if x* he the distance of any point from tho 
trailing pole comer, the flux-density i9 from y — 0 to ^ — c V 

nt . ac)py{2 - + d + x*) i 


1-257 
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On the leadingaide of the N. pole, if y' be the distance of any point from the 
leading pole comer, the flux-density from y'm* 0 to y* c - r i, t.*. the 
mameter of commutation, is * , • 

fj m.aetfYp f c x -i + /) • « 

* " " f/+m,+ «;r • 

and from y* — c - to y r = c - c" t i.e. over tlie region between the diameter 
of commutation and the point of bifurcation of the armature flux into either 
pole indifferently, % t 

{/ + *!,+ «„ 

(Cp, column 18, Table XT.) 

(d) The combination oj the main and armature component fields otter (Complete 
pole-pitch > In order tc^map out the spacia) disti^butiog of the rc^iltant flux 
over a complete polfi-pitch (the minor ripples in the actual curve at any 
moment due to the slots being supposed to be smoothed out, but! due account 
being taken of the tooth reluctance), aif approximate preliminary estimate 
must in the first place be made of the magnetic potential of the core below 
the teeth. 

Assuming a certain curve of the resultant flux density, tilted towards the 
trailing pole corner by the action of the armature ampere-turns, the gradual 
concentration or withdrawal of flux in the armature core leads to certain 
densities for which the at required per r.gn length uf path at a number of 
points can be found. Plotting these values and integrating the curve on 
either side of the neutral plane <*f maximum flux (cp. Fig. 302), the resultant 
expenditure of ampcrc-turns in the core in the leading and trailing sides 
respectively is AT 9X and AT tZ . Half of their difference is h, and adding 
this to the one and subtracting it from the other, a curve nf the magnetic 
potential of the core can be plotted us at tlie foot of £ig. 327 or as tabulated 
in. column 8 of Table XT. 

A preliminary estimate of the l>ack movement d of the zero of the armature 
component, so that it precedes the centre of the pole by the armrtinfc 
must further be marie, and lx>th assumptions must finally be checked with 
the result until agreement is obtained. Column 10 is tlicn given as ac . d. 
and column 11 can lie calculated, leaving the differences of column* 12. The 
sum or difference of the two columns 9 and 12 is written down as column 13, 

1 *257 1*237 m 

and its values multiplied by under a polo or by ‘ £ 

within the fringe will give the required resultant flux density (column 19). 
Within the fringe there must, however, first be deducted tjic back effect from 
the pole of opposite sign (column 1$. • 

Uy reference to a curve such as Fig, 303 for the reluctance dl the teeth 
per sq. cm. of air-gap for varying densities itl tluj air-gap, corresponding 
values for and resultant B v are quickly found. TJie resultant flux must 
in any case be determined first, but thereafter in the case of the two 
component fluxes, the smaller should be determined first to secure accuracy. 

Grouping the analytical expressions p Avion sly given and starling from 
•' v^hich is behind the interpular line gymnielry, the flux-density is 
)m y* 2 e - c f tff = c - e*. * ♦ 

ac(j)Y}2 -Cj| A" t?4- 2 c*-y') • 

’ . fcfc-y 1 ) + 'Ki;+~*i . 

. . . _ 

m l , I''’ Klg 4* ^ 

from y'= c - c'i to c - c"' , 

f m ^ Ty + {A T ct , - k)_- «(Yf2 +t • . 

i-257J_ - , S " 

* ■ »-tAT,' -(AT t „-h )) 


e 

from y‘ = 2 s - c't j y 

r m {iOy + {A T- fzt - ft)J 


1-257 


2c 




_jL] 
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from (' = <-to y = £ - 

• r^r,'- KJW. +») - iw + /» , 

• r ' M7 L . <■ f y + #V+. ^ 

W+Fm + iilxI 

& + ki 9 + * 2 c* 

and from y' = c - to y* =- 0 

p» {/I V - (,1 7' erl + h)- actpYft + ^-7 + /} 

L fy + ^ + irt^ 


«'MV + M7-„. + ftj} y / ~| 
t &' d- AV, + ft,* 2c-c’J 

Thence under the poh 

1257 ■’ iT r ~ ( AT c*i + *)-«(y 1-257 ATf ‘~ ,AT ™‘~ h *+ + 

+ iS <i * + «i. 

and from the trailing pole currier from X* =± 0 to x*=* c' 
rm(A-iy-(Ar at -k) + «:tpYI 2 - ei .\. d-]■*•)) 
l. f*' + Kl, + «„ 

_ tn'M'/y + {AT ta ~k)) *H 


It will be seen that owin£ to it and c** not coinciding, there are in the 
complete intcrpolar zone five regions. Tile apparent reckoning of AT C and 
h twice over throughout the interpolar gap arises from the approximate and 
empirical expression enfjdoycd to take account of the counter effect of an 
adjacent pole, as if the held “flux therein really contchned two components 
'not following the same path and not therefore having one and the same 
denonunator; tile method confessedly does not yield 0 true physical expression 
for the magnetic potential function throughout the interpolar gap. 

In the aiwive it has been assumed that the angle of lead has been advanced 
beyond tire resultant neutral line in order to provide a reversing field for com¬ 
mutation purposes. When there is no angle of lead, the armature ampere - 
turas acting on the resultant neutral line are ac (1^/2 - c'"); when lead is 
given to the brushes and c^ rises from zero, this becomes ac [YJ2 - {c"’ - cjy } 
and reaches a maximum when = it**. Hut at the same lime d is increasing 
and the counter effect from the opposite*main pile decreases, so tliat c is 
enabled to dvertakc it**. After this point has been rcachnl, if the angle of 
lead is further increased, the armature ampere'turns acting on the resultant 
neutral line become aclXf'l- (rir'")}; it" becomes reduced and the diver¬ 
gence cj# and c"‘ progressively* reduces the armature effect, so that the 
short-circuited coils find themselves in a reversing field of increasing strength. 
On the rteutraKinc, the loss of potential from reluctance of the teeth and core 
is eliminated, but the half differenco’A /s still present, so it hat tile magnetic 
potential of the armature surface wlierc tile resultant flux changes direction 
as regards cratering or leaving the surface is * A. Hence, provided that c ^ is 
greater than c*", as.it should be for commuting the current, the distance c f " 
for ai^v asstimed vhluc % of c^ is given by the -relation 

j*{ATS-h)-fc{YI2-d-( Cl -n}l n 

~ ' f(c-c"') + Id, ..fe' + Kl, X 2c-c'“ • ( l 

s quadratic equation which can be solved lor c'" when the known quantities 
are inserted evith an approximate calue for vn, u 

| i. Example of e non-comnrataltiifc-pola machine. -For the 8-jxflt machine 
‘assuiqed in Chapter X.VII1. § 2, let the diaiSeter of commutation under full 



ARMATURE REACTION fh C.C. DYNAMOS 27-* 

Hoad be advaiftci through a distance of 5 cm., t.t, as near to the leading pole- 
tip as would be safe, and ac being 260/ thf* back ampcro-tiims A r*Cn the 
%alf-magnetic ^circuit would be AT^ — 5 x 260 = 13d). Thus *10 r B 0 . 
^.8100 and a'flux of about 280,000 per cm. length of $ ore, *tlie magnetic* , • 
potential of a pole-face without allowance for distortion, but reckoning AT^ 
at its full valutas ordinarily estimated, is approximately 

A T, = AT, f -AT, + AT, + A7\ * • 

•= 5720 4 440 + 375 4- 1300 =-. 7835. 
d’roceoding now in rtoscr detail, the potential curve A T ^ for the armature 
core must first be calaifatcd, even if only p*ovisionalljrfrnm an assumed 
flux-distriImtion curve, after the manner described in Chaptl-r XV HI, §J2. 
For simplicity, the final results (from the curve shown at the foptof Fig. 327) 
are here at once inserted, and the values of AT ct and AT ct arc foiyid to be 
376*5 aiyl 381-5, the mean being 379 and h^- 2-5 c#dy. £ ^ 0-9 X rc/2 
X 1295 - 1-H3, and "i- tfcing 6cm., £c -f Kl § ; 4 |(?98 H 0*885 - 11-862, 
and c f Kl*,$ 6 482. Using the curve to obtain the values*of AT (X h 

at different points, the thrve distances t", and c'” arc as follows— 

(i) Ily equation (t44) c’ -i 6- (6*482) ** 6 -■ 0-1 = 5-Jfrom trailing 

pole corner, and at this spot by equation (143) the two fluxes from N. and S. 
pole respectively are - 


1-257(7835 - 

125) 

1*257(7835 |- 

125) 

8.1 X 5-9 4- 

D-882 

' 1-83 . - 

K l + 

0-882 

1-257 •- 

; 7710 

1-257 

V. 7960 


11-65 

7710 

9-3 

J2 (W 5 

7961) 

’/ 9 6 • 



830 830 • 

(ii) The bifurcation point of the armature flux (equation 14(f) is given* 
closely by 

(O 2 i «" (22-5 5) = • 6-482 :*: 0-5, 

since ni and ni* arc but little different; whence t* f •; 0-17 cm. alftad of the 
iifterpolar 1ine % of symmetry', and at this print by equation (145) 

1-257 x 260 (22 5 ^83 j 0-5} 1*257 - 260 (22-5 4-83 -0-5 J 

• I 83 > 6 17 | 0 882 ’ 1*83 >: 5-83 |- 0-882 " 

1-257 4724 1-257 4464 # 

12-182 * 11-532 

487 487 

(iii) Lastly, for the position of llic resullaut neutnij line (equation 147) 

I-ns ((7835 - 2-5)-260(22 5 0-5 5 , ifi'')} 7837J 6 

1-K3 X (6 i:"’) |-<J!«2 • 11-68 12 ~5-9 " 

whence r -" 2-44. • 

t * • 

The complete results are tabulates! in TnN« XI and plotted in I'ig 327. 
In the first line tileKlenomiuatm*by which - 465/in cwhinin. 12 must he 
divided to givt^- SOU in column*l8 i»9*l as given in the Ui^t line of thelable. 
In the second line for the armature bifurcation point c'* and onwards, the 
same denominator from column § can he used as flic divisor for*both the 
armature and the main field differences of jxitcntial acting on gap and teeth., 
the total flux of a pole is obtained *from Fig. 327 as 274,000 per ctrrvof 
armature core length, being leas than the prclintinanr estimate which assumed 
the back^mpere-turns due to the iJhd of cm. to embracf a!l*the flux, but 
in which no allowaace wa# mrfHc for irmreased tooth saturati#n under the 
trailing pjge corAr. The true AT, »- ^T r '4- «'•--= 7835 + 130 = 7965 as 
1 compared with the original estinate of 7835 for the greater flux. 
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Non-conunnta ting-pole Machine. 
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Fig. 327.—Main and armature component fluxes and resultant flux. 
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The centre of bifurcation o( the resultant flux in tile armature core having 
advanced 4-5 «tn. ahead of tire centre of the pule, as compared with ■ - 5 cm., 
the lines from the bifurcation plane pass thiough a minimum of ac x *1- back 
^rmature ampere-turns. The difference between the distance at which they • 
«* r ami the uistancc at which they It^-vo the armature.vicasujed from the 
diameter or commutation, progressively increases uiU.il the tack armature 
ampere-turns dreaded through rise to,a maximum ul about ac x 8$, The 
resultant flux therefore never passes through so many as ac x 2Uaclf 
ampere-turns, or ac x on the half-magnetic circuit, but is actually 
over-estimated on that assumption when tooth saturation is ignore^, # 

" • . * 

The Comm utati no-Pole Machine ■ o 

| 10. The total resultant armature flux not greatly affected by 
commutating poles.—In a machine with ccny mutating polcj (as many 
as there avj main poles) for the same reason as in* 8 (n), the magnetic 
jx)tential of tile points of bifurcation of the resultant flux in the 
armature core under a N. and S. inaill pole respectively must have, 
tiie same numerical value; the expenditure over tits reluctance 
of tfie teeth and main air-gap must also be (lie same under each 
pole, so that again the resultant potential of a N. and S. main 
pole-face above and below zero wilt he the same, viz., AT t and 
- AT r . The similarity cun^nues up to the seal of the salient poles, 
but thence, owing to the unequal division of the resultant flux in 
the sections of tile yoke (Chapter XVI, f 14), the expenditure of 
ampere-turns in ttie two directions becomes dissimilar ,md the 
point of zero poten^al in the yoke is not ipidway between two main 
poles, i.e. it is not opposite to the centre of a commutating pole,, 
when the latter is excited. 

When no current Hows in the armature and the main poles are 
excited, the commutating poles, if not excited, face the planes of 
zero magnetic potential on the armature, and, the centre of the yoke 
opposite the centre otia commutating pule being also at zero poten¬ 
tial from considerations of symmetry, the commutating poles remain 
throughout their length in ttie central plane it zeru potential 
(Fig. 301). But now, as soon as they are excited and‘some flux 
passes up or down them, the ainpcre-turns expended over the two 
halves of the path in the yoke are unequal in amount, and tills is 
especially the case owing to one pn^i being more highly saturated 
and therefore of higher reluctivity tl^ui the other. In-other words, 
the potentials aUthe roots of the eoffmnytating poles must rise above 
or fall below zerq to some values -|- b and - 6 as ir{dicated in 
Fig. 328. . * • . 

If 2yi v is the reluctance of the full length «f path in ttie single 
sectiofl of the yoke far equal division of the flux, and ^t v ' and tit," 
&e the rebalances of half that l?ngth in the single section on the 
leading and trailing side respectively, :, V'« exfeeds 2:4,, 
and to that cxteitf the anginal totai flux is reduced. But, on the 
other hand, thd additional path ^lesented by the comrnutaTing 

• A 
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« t 

poles and the more rapid withdrawal of the flux fram ( the armature 
com with consequent shortening of the path therein in the trailing 
section of reluctance tend to counterbalance the abovjr - - 

' ‘ f 




l \ _ - 

mentioned change. If 2yi ( be fhe reluctance of the.single’section 
of the artnakare core in the absence of commutating jjoles, 

-f St s " isjess than 2;Jt e , and came ampere-tun^are thereby saved. 

On the whole, the total useful‘armature flux {after detecting any, 
. * « 
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reversing flu* Wiind the line of commutation) is little different 
irom what it would be without the commutating poles, although, 
differently distributed. • • *, 

8 11. (a) The main and commutating pole component field.— 
But the component field as due to the main and commutating-pole * 
excitations alone and apart from the presence of the armature 
ampere-turns is of course greatly increased by the additional.path 
afforded by the commutating poles, the iinal statt of saturation 
of the iron being presupposed in making the comparison.” The mail 
and commutating-pole M.M.F.'s are best taken in conjunction, as 
giving rise to a siftgle^component field which^s nowlo be considered. 


From the fact that the flux is rapidly withdrawn as we proceed from a 
plane of maximum resultant flux in the •armature core towards and under 
the trailing pole-edge, while it is only slowly withdrawn an we proceed under 
a commutatiug pole and the path to the fading edge of a mqjn pole is of 
greater length, it follows that the AT^ expended over the armature core 
under the trading portion up to the line of bifurcation is appreciably less 
than A T eX expended under the commutating pole and leading portion of the 
main pole. TIic case is therefore the revise of that shown in Fig, 325 for 
the non-commutating-pole machine, and, when passing from a N. main pole 
to a S. commutating pole in tht^direction of rotation, h on the neutral line 
or plane of maximum flux is positive. The commutating pole being situated 
on the leading side of the neutral line, the majyetic potential of the core 
at the level of the bottom of the teeth beneath, say, a S. commutating pole 
is h-AT cxl . The negative starting point from which the reversing flux 
proceeds up the commutating pole is not therefore at*potential - A T exX , but 
at this amount less h ; ^thence the potential is raised by the excitation AT _ 
on-one commutating pole up to the positive value 4- b at its root, Sufficient 
to pass the greater flux x over c AJ’ (Fig. 328). The ampcre-tuni9 acting on 
the commutating pole, gap, ana teeth are, therefore, virtually increased 
beyond the amount A T r to AT t \- k, the number A being as it w r er* released 
from the main excitation as mentioned above. If, then, efl CJI be the final 
relitctance of tfte commutating pole, the component flux passing up the 
commutating pole as due to the reversing and Add excitations alone is 


*-v~l-2!>7' iT > +h - AT '«- b 

ill «+ 


(148) 


in order to allow enough iron to carry the leakage flux, t t cH, p must be taken 
as its total reluctance raised in the proportion — ■, rv,* • Since the final 

density and saturation in the teeth undcr«the commutating pole are very 
Small, yl, may, in practice, be neglefteu. The quantity AT [X , increases 
slightly as we pass under the commutating pole-face, but a.meaq, value can 
be taken, ‘ , • 

The potential a in ampere-turns at’tht junction of mainipole and yoke is 

'AT AT - (* tb y) (*«•+ ® J „ „ . ... 

AT,-AT.~ - j_257 . . (H9) 


where AT e wilVbe somewhat less than4 (AT e ,-p A TV,), and is an averaged 
value fairiji representing the varying t™ core lindet the main 

pole below the level gf the teeth w • 


Also • 

• • 

. s—isoeJc) 




1-257 (a + i) 
#■257 (a *b) 


-* * 1a 

-y X Si 


If 

tr 



0 
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whenje by addition and subtraction 

«3t, " + ya T ' 


I -r»S7 X 2 


1-257 + 

y “ a/ 


{iso; 

(' 

(151) 


Equating the two values of a given by (149) and (150) with the value for y 
in -terms of * and b inserted in each 


Ml + 


x-yr* 1-2574 


'***+*'• 


.. .s+*.+^+-^V 


■ij **,<• ' ' • <*» 


It will be noticed that the denominator is in a form representing the main 
pole and gap in series with the two sections of the yoke placed in parallel. 

Lastly, equating the two expressions for x-y as given by (148) and (152) 
with all quantities known or estimated except b, the value of 0 is found, 
and thence x-y or x and y can be determined. Thus 


x 

and 

y 

The value thus found, divided by (u» e -f K t .l fr ) L where w B i9 the width of 
the commutating poloface and L its axial length, gives the density which 
when multiplied by 0-8 A.',-*/-,. gives the loss over the air-gap of the com¬ 
mutating pole for the present flux 83 r stem and enables AT n *, the potential 
of the commutating pole-face for the same system, to be found. The limits 
oi the reversing held can now be calculated as follows, and with these can 
again be checked the effective width (u/ c 4 .l gf ) already assumed in the 
calculation of the density and of 

In the interpolar gap between a main and a commutating pole of oppodte 
polarity lies the tangent point d at which the main flux just touches the 
armature on its way from the one to the other. The magnetic potentials of 
the main N. and commutating S. pole-faces, viz., 4- A 7 p ' and - at k ‘ above 
and below zero are not necessarily equal numerically as in the non-com- 
mutating-pole machine, nor are their air-gaps and l g . necessarily equal, 
so that the tangent point c* of the main component flux from the held 
excitation of main and commutating poles will seldom occur at the centre 
of the gap, although usually not far therefrom. The point e* must lie behind 
the final neutral line, since no a/mature ampere-turns are yet present. The 
potential of the core below the level of the teeth on the trailing side at point 
c' is, therefore, 4- AT t( f 4 h, sidee A is positive, 

The location of <? is then fixediby the relation 

1*257 *n(A rry - if TV - h) 1 -257 m'(4 7V + A T tc - 4 h) 

Sc' + Kl, = f(2c,- 0) + K t .i tf + K > 

whence neglecting SH„- 

<> m{ATt'-AT^-k)(2c + K r . l ar IS)-«>'(AT ra ’ + AT„. 4- k)KlJ( w 
-A -A) + u#A T k ' + A TjTW - 1 ' 

4k' 

e i* hereto distance measured ca the surtace-kif the Armature from amain 
pole-edge to the centre of the gap between a main and a commutating pole, 
and c" is the distance from the trailing e rner of (he main pole. When l,« 


_ [AT,-AT, + *)«„' + 2b(-A m + it, + Sfl ( ) 

("Ay” + cJf,') (cS m A W, + + SA t " X i5 v ' 

- 1«7 JdZ>_Tji r * - A)« , ,, -2A(a- m + a , + a,) 

(ST 7 + «,'] (S m + a, + «,) + «,"x«7 1 


. (153) 

■ (15*) 
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and are nob fet different, so that m and »' can be identified, the ^>ove 
expression reduces to— * ' 


y (AT,'-A T :t > - fr)(2c + x,. Wfl - M T Po ' + .4 + A) Wfl ,, 

^ ‘ .-- AT/ + aT^' *-^ 57) 

The corresponding point c' ahead of the resultant neutral line and of the 
commutating pole must now be interpreted as the point at which the main 
flux divides or passes indifferently into a commutating 5. pole and a main 
S. pole in the next interpolar gap. It is given by 


*m(AT^-AT«+_k)' t*'(AT,'-AT U ' + k) 
W+ X, + iV = tfc - «*) + XI, + id,,. 


. (isa^ 


■where is reckoned from the commutating pole-edge. ^W'".en with a less 
degree ol accuracy SR,,, is again neglected. apprevijuptely the second value 
of <f is 


, _ m(AT r n '~ AT". + *)(2e + IB, If) - »W-dr«. + *) Jf tL W f 
m(At I0 ‘-A r„. H A) + m’(Af r ‘ - A r„. t l‘) 

(159) 

§ 12. (b) The armature component field.—Next upon the component system 
of flux from main and reversing excitations thus found has to be superposed 
the component flux due to the armature turns when current flows therein. 
Under the main poles the action is the saffie as lias already been described 
for a machine without commutating poles. But a new path is now pre- 
sen ted by the commutating pole ds shown in Fig, 328 {ii). Within the limits 
from a' through - b* to A, or from a through 5'to *{■ A, the lines of the 
supposed flux follow the same; path as the resultant flux from main and 
commutating-pole excitation Upon these portions of the path must then 
be expended part of the ampere-turns which are linked with the supposed 
flux and which reach tlvir maximum on the diameter of commutation, i.e. 
from - A to + A, if commutation is assumed to take place exactly under* 
the centre of the commutating pole. On tliis assumption the mean armature 
AT acting on one commutating pole are ac(Yf2- wJ4). 

The equivalent electric system is shown on the right-hand side of Fig. 328 
(ii); here the passage of the armature flux through the armature core from 
— J4*to + A is Shown dotted to indicate zero reluctance, yet within the 
length AA* there acts the total M.M.F. averaging 2ac(Yf2 - ui € j4). The 
reluctance of the teeth tinder the commutating pole being negligible, the total 
armfiture flux through the commutating poles and through the two portions 
of the yoke of unequal reluctance in scries in the absence the main poles 
would be • 


1-2S7- 


2JR--4" 2sR ( 


2flc(V72-^/4) 


- V _T3G 

, T - 2 


, = 1-257. 




ac(Yj2 - wJ4) 

■ + M/ 

4 


(160) 


But the points now marked as + a* and*- a' would not the^ be at zero 
potential, but respectively above and below Jbro by an equal amount. Now. 
as in the non-commiltating-pole machirffe^hc cross flux in the trailing half 
of the main pole fot' a half of the armature M.M.F. would, owiftg to the 
higher saturation of the' teeth, bq mhch less than that in the leading half. 
For the same reasons, then, as are givAi tei § 6 (5) lor the n<#-commutating 
pole machine, the potential of the N. pole will rise to tome potential 4 *<x 
and that ?f the S. pole fall, to -a\ * If c" be the distance from the comer 
of ^main pole at which the armature flux bifurcates or passes indifferently 
to a'main or commutating pole, the maximum differences of potential acting 1 
ion the trailing hod leading portions respectively of £hc air-rap and teeth 
under a m&i* pole arc 1*257 ae(BYI2 4- r-f J) and 1*257 aciBYff+ c"- rf) 
where d ** otfac. • ■ * * • t , 

If the armature anffceres are now imagined to be gradually increased from 
ftro in fbej^ftesence of togth reluctance, two results are seen to follow. As 
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the potentiate of the poles diverge from zero, a greater shafce pf the magneto¬ 
motive force of the armature available to cause flux over the trailing path 
. of higher tooth saturation under the main pole9. But as soon as the trailing 
cross flux f^ases balance the leading cross flux, the excess'of the latternon 
pass from the point 4- a' through the &path and through the cummut/cing 
pole. The potentials + a ' and - a ' thus for each increase of the armature 
amperes continue to exceed the values that would be fouifd from equation 
(160) for equal division; more than half of the commutating pole flux is 
caused to follow the path in tlic yoke and less to follow the cft t ' path, 
and the difference exactly balances the difference between the leading and 
trailing portions^of the cro,s.s flux under the main poles (Fig. 328 (ii) ).* As 
compared with the simple series system of equation (160) under which half t 
\jf the flux through the commutating pole passes unchanged through # V J 
and in series, the total flux through the commutating pole is always 
slightly reduced *wing to a larger proportion having Vo pass through the 
more saturated poifiou of the yoke. » * 

Thus, as. contrasted with the non-commutating-pule machine, a shorter 
path Is present to carry the excess cross flux which does not have to pass 
through the entire yoke. The commutating pole is itself called in to redress 
the balance of the cross fluxes under a main polo, fc^ven though the air-gap 
be smaller and the tooth saturation higher in the coinmutating-jiole machine, 
the amount of the backward sliilt d or the value of d . ac is but small, 
as in the non-commutating'polc machine, , 

A similar analysis to that of § U (a) can thus bo made for the purpose of 
finding the potential »' instead t.i b. The potential b' (in ampere-turns) at 
the junction of commutating pole and yoke is for the armature system 

4' = oe(V/2 - wJ4) - + .... (161) 


where *' and y’ arc the (luxes through if! v " and SK,' respectively and x‘ -|- y' 
is the total armatur£ flux through tlic commutating pole. Also 

' . 1-257(4' •(- o') - *'!«," ' 

I'257(6' -o') =<yat,' 


whence by addition or subtraction 

' + y'lS v ' 

X 2 ~ ' 

1-257 x 2o' x Jin, 


i- - *!®i. _ 

1-257 


fl«2) 


and y‘ = : 


ai„ 


for y 


Equating the two values ol 6' as given by (161) and (162) with the value 
r y‘ in terms of *’ inserted in each case, we have— 


*'-1-257 


ac{YI2 - wj)\ 

f, 811 
i, IK, 

" + «,v 

t + o'| 

1 14. I 

1 <ll* M + 5 ^/ j 

« 

2 I 

t *■ 

ytj.-i- m 

^ • , 

cv 


1 


V- 


1-257 


««-*.™ ( 1 +J&&) A |+ ***&&%-■ 

Fartber 4 (Fig. 326 ii) t , 


(163) 


(164) 




(1«5) 0 

(166) 



0 
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and, lastly, must be equal to y 4- to\ 90 that 

% f -y'= vf- *'■ 

N Equating the two#valuc8 obtained foj x‘-y f from the jbovtf vre have 


-« 7Z 7 * 7 ^- 

a c s+ 

Sc(V/2 -wJ4) (W,"-*- »'{#/'+ M,"+ 4 *J+ 8,') 


(a,"+ a,") <«,'+ a,*) 


(167) 


The values of w ' and s' are calculated exactly as for a non-comn^utating 
pole machine upon* the assumption of a certain small v<due of d (probably 
less than I cm.) or of a' - d . ac. The values, then, tfl l* taken foi*ert fl '4- 
and eft-" -f for insertion in (167) must be such that when acted upon by 
the full maximum M.M.F. of 1-257 ac. YJ2 plus or minus d, the fluxes w r 
and z* are actually obtained? 

Inserting the known or estimated quantities, the value to be assigued to 
a' or to d'= a'{ac is found. If the value first found does not agree with the 
value assumed in the calculation for xv' and the shift d must be adjusted 
until its value and that of a' — ac x d satisfies all conditions. 

Then 


1-257 


ac{ v, 2-„,/4)- a '.^ + ,^ 

--id ' Jl y3 

*!»+«% 


(168) 


The present denominator is, therefore, in a form representing the two sec¬ 
tions of the yoke placed in parallel, but now in series with the commutating 
]x>le and gap. * 

The number of ampere-turns expended over the air-gap of tile coinfhutating 
pole by the armature flux component therein is OH-— •r^srj—vF X K r .L t , 

i^fT 

and this number deducted from ac(Y{2 - w c fA) leaves a rentainddt AT V( / f 
whifh is the magnetic potential in AT of the whole of tile commutating pole- 
facc relatively to the armature surface, so far as the armature component 
flux is concerned. 

Ttoo component flux density will rise to a maximum at the centre of the 
commutating pole with the given position for the diameter of commutation 
and will fall towards the edges, ltafe the bifurcation point of the armature 
component flux into a maiu and commutating pole respectively is flow given 
by the relation 

"OTii + O <u{ftY(2 + c")-AT,<f'_ 

A-/,+yf fe ... ifZc -n ! *y e r-V4V ' 

+ d applying to tlie trailing edge of the main pole and - d tea the leading 
edge, c ri being in each case reckoned fro^*lhe main pole-edge. It will be 
found that the bifurcation points c” are^igain usually not far from the centra 
of the gap, so that there is not a great difference in the values o£m. 

Thence if ill,... is neglected . " 


(«")'+ c"{ftY/2 ± d/2 


dJro' 
2 «c ' 




i c 


KL- K, 


2f 


i}| 


gft- y,.y 

■ *.2f 




(178) 


With the value for c" ^hus fotnd enay agate be checked the valuta assumed 
for 3t, r and fyr . I„, but usually Jhfre will be no great difference U 

between the* two cases of the main and armature component,. 
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| 18. (o) The resultant reversing fleld.—Grouping, therefore, our 
results it is evident that lltc actual magnetic potential at the root 
•of the corn nutating pole nm^t assume tlie intermediate vaJjB 
b - b', aili from ttyc previous expressions tliis is equal to * 

* J .where X^x- x' and V= yf y'. This again 

is equal to - “^257 ^^ ^ | ■“ “here f v /2 is the Half 

length of die path in the yoke between two main poles, te the 
lengtif of path,between a commutating pule and a main pole. 
Hut in ffaieulat ing the*lwo values for/'(/},)• or the at fx r cm. of 
path in tin; yoke, it must be rcmcmlacred that if the fell section of 
the yoke lie used there must lit added to K and Y in each case their 
priqxirtiuMalu share of the total leakage flux.* bill ally, therefore, 
the net resultant reversing flux is 


i pv- 

1257 \ 2 


t. 


x - 

1’257 


>• (»’!/) A' V 

AT, | h Ar„, «* (V/2 - w-,/4) (/'(«,") -/'(«,') \l.H 

: \, f :J{ ,, 

• . . . (171) 


It will lie found'that the ilillereiiee in the saturation of the two 
.sections of the yoke may very ujqiriviahl)* lower the reversing 
field that might Otherwise be opccled. 

If !*’, Ixi the estimated leakage (Vimeaner in relation to the 
interputar MM b. 1-257 .| / r • 2 of the main poles when the 
ciniuiiul.ilillg poles .us* presi-ul but liuexeiti-il. tin- leakage [lermeanre 
of the commutating pole in relation to ils.M M l', 1-257 AT,,- will 
lx-, as stated in t liapter XVI. ji 14, afxmt IJ 5'’,. Thence may he* 
.estimated <f> t and 4>i,- the leakage Jinxes per main and commutating 
|xile respectively. Of the latter only about jths should fie reckoned 
as passing effectively tliniugh the yoke path. I fence if <I>, lie the 
useful flux per jxile <l> t< <f> t , the last term of the mimcralor 
of (171) IxH'omes 

• 

ii U,r ff^,\ ,,(&. + #,-U„- W.\K 

; . K * . ) ; \ ♦ K /)< 

. . . ‘ * ... ( 172 ) 

wficre a, is the double cross-section of the yoke. 

The qflantity h-AT en is yf the order of - 100 AT in normal 
cases, hut if not assumed in the first instance, it can provisionally 
be approximated l?y plotting ah assumed flux-density- curve and* 
thenco Calculating such a ctiffvc as llAt shown rfi Jhe foot of Fife. 329, 

the gradual concentration and withdrawal of the‘0ux in the 

* 1 


r 
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armature core, being taken into account and the progressive 
expenditure of A T over the length of gath therein l*ing calculated 
> steps. . 

tfn calculating the width of Iridfec peripherally kif tne .reversing 
field in ordcr^to determine the effective area iftid '-fit must be 
remembered that, strictly speaking, on one side hall of the values* 
of Fig. 253 should he used ; on the other side, Ix’twecn a main and 
cqpimutating pole qf the same polarity, half of the values of Ftg. 254 
is more appropriate. * In each case the antio r/f 4r *may provisiun- 
ally In- taken as the aliscissa, as will be shown later. Knowing the 
density at which it is intended to work the iron of the commutating 
pole, ang stimuli! itnift lie made of its rehntapccpigdli an approximate 
assumption, as to the total flux, useful and leakage, .through it, 
and this reluctance ijmst thcn.be raised in the. proportion 
total flux'useful flux to give 14... , 

It is then ]Ktssible by giving increasing values to <j(, to dctermimi 
quickly the point when equality of the two sides of equation (173) 
is reached. 


X 

1 257 ‘ 


AT t | (A 


.m„) 


«c(V/2 


«c/4> 






^1 ? <f>lr 

$ Ay 



4 


• ( 173 ) 


§ 14. Example of a commutating-pole machine. -In the example 
now to Ixi considered, the puh pitch is 45 nil. as in § 9, hut with 
cqpunHtatiiig,polcs added the pole-arc. ratio ft is reduced to 0-666 
The polar arc. is therefore Ik) cm. and the width of the rommutating 
pq|e-fare is ic, 5 crti., leaving gaps of 5 cm between main and 
commutating poles. 

A7, M v*fl-635 - 0-7 cm. 

K,.l„ 116 x 036 0 44 cm. 

and the angle made bv the pole shoe ti]>s witli tlie armature is such 
that in each case S ■-■■■ 1-7. # . 

ae is to be 80(1 ampere-conduefom per cm. of pcripheiy, so that 
ac X V/2 - 300 y. 22-5 ^ 6750 ' 
ac(Yj2- wJA) => 300 (22-5-1-25) = 6375 , 1 

If.B, ^ = 9250. AT' =.0-8 x 9£50 X 0-7 = 5175, 
and from Fig.'302 AT, — 1290. . 1 . # 

The flux under the maia potc wouI*lhen be 9250 x 30 *= 277,500 
.per cm. qFaxial’length of armature«core r i.e. 277,500 t, and for . 

• * * 
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convenience in what follows, all reluctances and fluxes are expressed 
in tcfms of L after rcductionlo their equivalents per cm. of armature 
. core length. Without any commutating poles, the interpoly' 
fringes W*wreti Wain poles would add on about 20*000 X, making Ifie 
total flux 207,500 it. This amount is approximately Jo be retained 
'as the maximum in the armature core, or 148,750 /. in the single 
section, and lor this a preliminary estimate gives AT, — 355, so that 
AT, .)• AT, -f- AT, •- = AT r would then lie <5175 + 1290 -)- $5 
-= 8820. but in this no allowance has heefi made for the loss of 
flux by reason of the difference in the increase and decrease of tooth 
rehietapre under the trailing and leading portions of the main pole 
respectivfly. 1I* thiij hg 13.5(H) L, when d —fi-(r cm. atuj ac x d 
1 HO, A T, becomes (>820 (• 180 — 7(XX), and the actual flux from 
a main pole will then Ik: (297,500- 13,500) I, - 284,000/.. The 
loss is, however, until! than made good by the flux from the commu¬ 
tating pole of the same polarity, so that we return to about 297,500 1. 
for the total flux in the armature core, although all of it will not l>e 
available for tin: production of K.M.I*. owing to the diameter of 
cnmmul.ition Wing ahead of fur neutral line or plane of maximum 
llnx. , 


finally .47V 7910, 

ami A T, - 9885 


although according to tip: circutnslantes of thy investigation these 
wither remain to be raleulaled to meet the required values of <P, 
and <j> r , ur are assumed known when the actual values of the fluxes 
are to lie determined. 

(u) The resultant reversing field, hirst, to calculate the net value 
of the reversing flux lor the immediate purpose of determining flic 
average density of resultant flux in which the short-circuited coils 
arc moving. 

• The leakage (Tux is estimated at 75,(HH1 /., sn that <l>„ -- (p, 4- <j> t 
---- (284.000 | 75,000)7. -... 359,000/., and at a normal density of 
15,000 without unequal division of the fluxes in the two sections 

, 359,000/. 

of the yoke in series, its double cross-section must be - = 

4 15MX) 


24 /. sq, cnf. The half length of path Wtwren two main poles or 
the length between a main :tnd r atonunutating polfc is /,/2 — 30cm. 

The ratio <•//„ Wing 2-5/0-38 — .60, for the effective width of 
the two fringej of the commutating pole will W taken A',/,, — 

3 X'0-33 -- 114, ami the width w, being 5 cm. the area of the com¬ 
mutating pole air-gap if the pole is given the same length as the 
armature core will W 6-14 /.. is then 0-44/6T4 /._•= 0-0717/i. 
For A - A r.jj'will W ‘.aken the figure - 80 as finally established, and 
A T, being assumed as 791 Of the known quantities are AT, 4- 
- «c (V/2-11',/4) - 7910 - 80 - 6375 = 1455. Reckoning . 
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<f>i, as 075 ^ =* 56,2001, then by equation (173) (f>, per cm. of 

, t 0717 
Vmaturc core length x -- - 
» 1*257 


X* 0 57 = 1455 - 30-3/' 



Trial with different values of <j>, gives ctju.ility when 
^ r -= 12.500 A <p j--12,100 II," 17,240 //> 12,650 

a/•■=/(/?) 7 15 431 ’ * 6* 

, diflerenee 35 ! 

AT* • 7 15 30 3 217 35 1 ■ 15 526. 


Therefore air-gap .17' of commutating pule 


AT, r - 12,500 :< 0-57 •- 7IJ 1455 217 52H, 


and the average density of the resultant revet sing this 12,500/6-14 

=.*■ 2040, 


(fcj Tht -/i-fotjir/e-Jl itcer « nmflttt A in It 1.1 < . map ..Ijt the 

sgxuiti] (listrilwtInn r,f (In- ii-sullml flux over a .U'1‘1'' p. li-.pl. It > 11 : 

l.utih ri|iplis sm-jotb-il^iut), a prvlimmurp eahulalmn must In- maitr, as m 
< liajiter Will, $2. til .oul AT tl tor an ( 1 >M 0 I 1 (- 1 1 rt-snllioU tins r> ,iV.', 
la-t it tie suppny-tl that on tin- l-Miling and tr.iiltnn xuli** n -po. 1 iw,y of the 
tu-ntr.il plane of maximum flux in tin- armature <<»« .1 / rl -1'il anil f 
tts .Mu [the v.'.'nir*. -tutiv-tgu-iitly 1 -t.i b'l-jiitl are tu-n- at niu.tr insnrti-rl tor 
simptuitvj. Tlw mean value is ihi-refore A’l r -■ W'i.ainlft 122. M'lntting 
tht* surh it niri^aslh;il slmivfi ;it I lie It ml r»f Tig. !12W, w hit h loan appropriate 
scale will abo si-rvf as ;i guide (■'I' other ivrm;d mru him*, and assuming 
ATJ to remain at H820, 4mi' tin- same value l-’r /L i* apptn*imat«-|y to In: 
retained, the values of A V P J - {J T frt ft) or of 1 l 9 f AT fXi -h r;in 1 m: 
written down for small intervals as in Tahir* X11 (columns 7, 8, 8). Allowing 
Mime small value fur if nr nr- tl {vir^O-H cm. find (Mi .< [M(J 1HI1), at{ V/2 » 
* :t <f) cin also lx* wnltrti flown (columns |n and 11). TUi-ihc* hy the same 
procedure as in § 8 (r), flic: whole oj tin* main (mlar ana Lsumwl up to point! 
midway Ix-twcen main nhd commutating poles. 

Sotnc value of d lias al*nvc Ix-cn ascumi*!, so 1li.it liefuTr going further 
this must lv checked. Hotting Hu* iwo ronijmtioul fields of TjIjIl* XI! 
(columns 17 and 18) for the polar arc up midway points Ifctwi'tn main 

and pmniuUting poles, ant! summing up th- (wo fluxes separately, the main 
flux is found to lx* per nil. length f»f arpiaturc con', and the cniM flux 

on leading and trailing sides respectively to lie u' * fiO.SUI) and »' . . 47,llfH) 
(Fig. 328 (ii)). The shift of the dividing line Mum I lhe centre of ihf pole Ix-ing 
taken as d -- 0-6, the maximum amptrovturns acting on lly two pcirtions of 
the air-gap area an: fi»r our present purpmw 63715 - 1^0 ^ 6J95 and ^7^ + 
180 »* 6455. Consequently- the apparent reluctances arc 
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charter xix 


while w e 80,500 47,000 J3,5(H) -- x' - /. The useful flux of a main 

pole {n-iug 297,000 J3,500 2143.500, differing but little frofti the previous 

preliminary cst'mate of 284,008, the corrected value is here inserted, and # 
Inim the pr^vimi* calculations we have A 4 ^ 


* previous i 

.* * 

K*7 4,'H 

1-11.750 i 8250 
1-257 H 30 
141.7SH t»2Sll 


I 257 y. 1293 
148,000 
1-257 / 240 
135,500 


00t l 
0-00222 


"j »um 
Cij dilf. 


/ 


I) 01322 

0 00878 


ll<nce 


1-257 7J7 

J 2,500 


lM«M 


P"^^’ ,>00185 *' % 

sum nH f-Jl* 


c« ur \ :« Ci) r 0 0717 \ 0-0218 
Hy> ( i|'Ultl<jM {|07)r_ ■ 


0 0035 


\ 4 • IMIWlSf / 0-00K7K % 

14 j ‘ 001322 ( ^ IHI |332 / * II . 


o-o&Js” o’on 1*5 


11.5110 
I 257 


wliciue u J JrOJ in agris-iwnl with ihi- assumed a* it ■ [(fill ■ (Hi /. 300, 
so I hat we in.iy ] ir< m•«N i F 

Returning h> ihe m:>n> ii.inpmir-Mt lirlil. the trur rrlmtaner of f;»|> and 
ter l It |« r nit lrri:;lli uf rnn-, when the potential of the cum lwloW lhe teeth 
in fci keru-il as iimh*rrnty 345 instead ■ *( at its ariu.il value which varies 
slightly, J* 


,, 1 -257 iOfijii ; I 45 ) 

lK(r ' 1 207. nun 


00275 


The vuluiluted le.ikagi tins pi-r mi. twini* 75.01)0. rind Hu- reMiU-mt Hux *if 
a mailt pile I vim; afonit 207 .mill, tin- .1 /' required <» er it is rn kminl in he 
7llH) "P*e trim l ime ■»( Ihi- ni.iiti ]x»lr- (t* |]|«- useful ltu\ per cm. length «f 
armature mri* is lln-teWe 


J -257 2U HI 

Mi H1 . _ IHHW 

" 287,1 HM 

so (hat 

Mlr M? tf j 000 }l ■ 00275 0 01185 . 

TIii'ikv hy equations (MM) and (152) 



0 no 1 . 

{MHW78 

7 h;«) h * j 


001322 

0-0935 

11-11305 i 0-00185 



b 700 


Hy equate>gs (\M\ ami (154) 1 

v 190.000 i f y 287,000 

vj 101.poo .i ” 85,000 (Pig. 328 40). 

Thr potential >>f the i nnnmitaliiii; {»>R- face .17^.'. v> far as the main field 
s Kyu^iU'il. rati tn*w Jie fa leu Li ted as 

„ . . «S.000 \ <H>7I7 * 

■^'rc I 257 ^ • " ' t*i " n 

■- 5400 l 80 --X 5480. 

Hy sul*tItuting the varying vaiuc* 4 J <rt - J, the main reversing flux 
density under the commutating pr'e ; s completed as shown in Table XII. 
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Similarly fo^trfe armature flux, Irom equation (16*) 


, . , - . , 0-0 UK! 

* 4 y D(»35 “ INK) 135 


i 82,500 |Kqp :i2^ij) 


andsiiue 13,SlW ( 

x* - 48,000 

Thence 


} 

8375 


34.500 

82.500 


0 11717 
1^7, 
8375 47lH> 1(175 


and the armature fjux density limit'r tin* i nmtuiitatiilg jmle is Tmtt Irmu 
diliunu* MJ (iild i 1 "/Tahir XI l In tin* Rap In lw* en .1 uufn and it minimal iiir 
pole of "jtyositt: |>u!arilt r , tlu- l«i« k i-ih-il lr*»m 'll* "IV •Mi]* |mtr nf taken inti* 
account in tfc- s.illic \v;iy a*iti $ H $/«) ami ,!•» slum'll in u hnnn IS , 

A cniiiiiinloliiit; and a main <■( iln ,s.imi' mrii ir.ilK 1mm mie field, Imf 
the hifimalmn of tin* flux eimMi's a certain pt-ilmn nl >i i<i hr avagm'd sepa 
rah*lyt utl\r p i, h*. Tin* limits uf tln> 1 iiiimiMaliUg )«■ *U■ 11<■ l»! Ini' 

the main ami annatnn* tnmjumriits texjui tivelv, a> Uvl hv .' a«nl r". are mil 
nrce^inly cninriilrui nwiiiR It * tin- ilirii ri'iii valins •*/ iJj«* pi>h'iilj:d didr-reme* 
noting tut tli<* air-gap Hi the two cas*"?, ami for mil lu ( r iniiipniiiiit is 11n- Iringr 
nil the two sides of (he loimmit.ihim |»nle edgi’"trtvi im-Iv eipul. In the ruse 
iif the main lield, I In- hitter diM-rgem r is nth' in i!w l.u 1 tli.il uin* value tt( 1’ 
gives the tan Rent |i>nn( ln-luvri; a main atid 1 •►1muul.1t mg |n*le nl opjH'siu- 
sign, while (hr ulhiT value id <'Hives the Uhinanmi p-onf l»1 ween a mam 
ami ummiiilalinR pule c»[ Un- same sign. Tims hv eiiualjr-H il57) if .4 7)*/ 
In* estimated a| ,SH)U ■ 80 548(1, tin- former Aim- i*J t' iv 


HUtfisai 1701 ^ i 0-2581 HMI <51*0 ^ I7» : (Ml 
m l'0t «*>5(l . JMSy 

2 7 tin. from the trading edge i*f a mam puli*. nr 2-8 < rn. Irmn t4ir 
edge of (lie ttiuniuitatiilR pole, and (lie t* mil k nielli main fluxes iJn-rr.it are 

1-257 I 04 titiflj K/firi 7JMI I 257 S*»5H 

1*7 f 0 7 5-20 4-35 I-7 2-3 \ 0*44 

Hut (lie liltlef value nf t' is liy .<[iuln.n (150) 

• , HU/.54 HD* 245} 15-41} 11-88 fOK'jO 245) .. 0-258 

* J-04 : 5225 - 0-88 >>575 

2 24 cm. from (lie t Ruling edge «>l (he 1 nmnifl luting pole. * 

III the case nf tin- armature r.nitipnm-nt lield. Hie divrrg*-me Ix-tweeii tint 
extent nf (lit frill |{e ini tile (Wo sides uJ (lie 1 «'MUM 111 all DR |»r|e mdy nrws f 0)111 

lhe different signs nf u' J in the ^ and S. infim jmjK-s ri-sjwx lively, 

ami is equally small. !ty equation f|H8) if A / h " 1875 

c“ - 2 cm. fmlU the IcaJntf' nf Rn: 1 mnniiKalniR pole 
9 ami 2 (i9ti]i. M trathfig ,, • .. „ 

• • • 

The fringe of tl>- main field frmn the 1 "thninlalini; pile is Iju refore (he 
wider, and actually tin- roil Id lit ^ni(li*uf finite Ims ln-en uver-n^imatH] in 
the figure 6T4 /nr llic vlfi'ilivphftM, Jiu( in Ri-m r.il tl»e misjiinus of r' or i? 
do nut diverge greatly from midway Ix-tw'een |K»le ami |kA% so that for sim¬ 
plicity Jhis appmximatinil may 1 p^ adopted in the jfMiininary ral?u!i?ions. 

• ■ • 

$ IS. Shape ot Um flai-denxit; curve under lotd with comintf- 
tatmc pole*. ^-Ihe final sparial-iiislrilmlion Is sbovfli is l ij;. H29. 
The dip in the rcsullantXeilTsin({ ?Atx density tit the centre! i>f the 
commuUrtng pole is simply due'le the armature amjiere-tnrns 
• 1 r ‘ • 




FiC. 329.—‘Main and armature component fluxes and resultant flux with commutating poles. 
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having been .taken to their maximum of 300 m 22-5 — 6750. 
^dually, if commutation proceeds pr^ierly, the apex over ^he 
zoreof the shoct-ciicuited coils should be rounded off (r^. fig. 318}, 
anirthe average value of 6375 might*in fact give theVtore'accurate 
result. The resultant potential of the main folc-faces is 6820 
-f 180 = 7000, and the total A T on each of the main jxjles is 766 
t- 2100 + 7000 = 9866, where 766 = } (1293 , 2-10). 

'Hie useful flux of the two machines above investigated in ■($•6 
. and 14 is not greatly different, and the dimensions oil he armatures 
and slots are the same. But while in the lUMt-Cinniiiutatiiig-pnlc* 



* I’iij- iUU.-J ; hix-itlslri1wlKJ<i iurvr» unit ioiumiil.iliiig pol* 1 *. 
m (After ftcu'bnan.) 

(fj Aniulure at itf ftinimutat mg ftfdvs wit It lull Jv t dih|« re lulgS. 

(ft) Ditty wilh null) J>ok“v ul»i rltilcil, 

machine the angle of lead has ticen advanced to the farthest limit 
of safety and a reversing density of 889 is securyl with ac 260, 
in the commutating-polc machine with i lesser main field excitation 
a reversing density of about 1000 at the lowest has been obtained 
with^te raised to J0O. • 

The shape of the flux-density eufvc romml the armature surface 
of an actual machine-under load,is shown in Fig 330 (a) and (5); 
here in («} the main field poles‘are unexcited, ancj the full-load 
ampere-tums of the commutatjpg poles have Item grouped* with 
the,full-load armature hmpere-tun^s so as to reproduce the net 
reversing field, and the armature erfss-flux. In (5) the main poles 
are also fully excited. The depression in the cefltre of flic k versing 
field was in this case dul tfl the Jfiening of a slot facing the 
aommutatiug pole. ' * 
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( General . 

{ 16 , Limiting value of ampere-cond uctors per unit length of 
drcumtartince {A armature. -One of the two important quantiles 
that determine tlip necessary dimensions of a machine for a given 
output is the value of ac or the ampere-conductors per unit length 
of circumference of the armature. Although not a constant for 
machines ot greatly different diameter, cxjiuriciire proves that there 
is a certain It niting v^lue for caeh diameter Ixyond wflich fc is 
'inadvisable to push tic JZInl). l'ig ,'431 1 shows that as the size 
of the annul'ire is increased, the limiting value of etc approaches 



I'm. Shi. -Limiting values nf or. 


a constanl maximum of about fHKI amjjero-comhiclurs per inch 
or dot) i>er centimetre of ein umlerence in large machines, the shape 
of the curve I wing not dissimilar to that for the limiting value of 

«. (i-ift .a»). 

The limitation to the qx’iihfcsiltlc value of <{r arises from the 
eondiiuetl effect of three causes; (1) lieu ting, (2) distortion of field 
due to armature reaction causing •too high a voltage to be generated 
between adjacent ’.sectors [i f>. Clup. X, §13), and (3) sparicing 
With the,first and third we tire not here immediately concerned, 
' lull in regard to the first it nicy he jwmted out that with larger 
diameterr it Cs the possibility of using within certain limits a deeper 

1 Cp, an analogous curve giving the estimate of lir. E. Poht, Jour it. l.E E 
Vul 40, p 2412. 
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slot (Fig. 201) without reducing too much the section at the foot 
^rf the tooth that enables the vohmic of armature copper 
tojbe increased even more than in proportion 114 t heftier cased' 
diameter. f * 

The sparking limit in the nnji-comimitntiiig-|x>le machine unit < 
lie further discussed in the succeeding chapter, and is in fact closely 
connected with the reaction of the armature ampere turns which 
appears as the sccohd,cause. In the coipnuitaling-jHilc machine 
the restrictive effect from sparking is largely Venn nasi, and Ihyj 
heating limit Ixvomcs the mare important, lint with or without 
commutatiiig poles, even if tlie machine operates sparklessh’ Figs. 
327 and #29 will hafe shown that under thelimiting pole-tip the 
flux densitv4s greatly above tin average. Hence, as a mil passes it, 
the IC.M 1- which it geifc*»ates is proportionately high, and the 
voltage hetwet-n lit.'- sutiits that fontl its etuis will greiplv exceed 
the average voltage, and may exceed the iH-nnis'it>li- limit, when 
the machine Ix-eotues liable to " flash over." With the increased 
numlxr of ant|i<Ti--eondiicti>rs jk-r 01141 lenjjth of armature circiiin- 
ferenre that commutating poles permit, the danger of this hapjx-ning 
would be greater, were it not Tor the fai t that the point ate is usually 
less than in the noil-commutating pole inattllllte 

| 17. " Flashing-over ” at the commutator. Win n distortion of 

the field leads to the Vollage Iretwceii ndj.MVlft sectors M-comitig 
iindnlv high under tile trailing half of tilt-main poles, they under, 
sudden changes of load the eommtilalor is liable to " flash 
over 11 ; arcs leap across from sector to sector until they span 
fiom a to a 1 brush arm, or |>ass almost directly across between 
hn».h arms nr*4o anv bate metal parts in either case practically 
short-circuiting fit.' at^ualltre and ptolruhlv rlaniaging both coiu- 
• mutator and bnish-gear. The magnetic leakage tiehl Mows the 
arcs outwards along the brush arms until they am ruptured with, 
explosive violence. The enlist* is no doubt largely due* not so 

much to the actual distortion and tin- colts I.]|y generated 

thereby under steady load, hut to thj- sudden Return to a mole 
symmetrical distrihulion of the field when the armature load is 
suddenly reduced, or to distortion iii*tb>- opposite djrtaljon when 
the load is reversal as in the •>|H-tu^i'^i of a large rolling-mill motor. 
The very rapid swing-bat k of till- held lin n generates instantaneously 
a high voltage in an’arnuitiise rtrji. 

The exact combination of riri’uiiistanrcs rnpdrcd to^cayse 
" flushing-over ” can, fjowever* hardly U- sairf to he 'completely 
kn«wn. Although undoubtedly ;#sjsted by a high average or, 
maximum voltage lictween seeing, the [rossjble anjotinf of the 
' increased voltage at parts of the commutator due t'i the^rmature 
field varying ■jnd«'*a sudifen change^of a heavy load, though often 
•assigned as the sole cause, wntikl not appear to be sufficient to start 

. *—(S0B5*a) 
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the arc. The actual origin may perhaps be traced to heavy sparking 
at tire brushes and the for nation of small ares between neighbouring 

• sectors a^they leave the brush tip, together wi^i ionization of the 
air nea*lhc hftish-tips as a contributory cause. Carbon particles 
embedded in the ihica surface would assist tin; arcs to survive until 
the sectors arrive under the main field, where the arcs are 
maintained and magnified by the generated voltage. A chain of arcs 
ought conceivably thus arise, each one as it terms partially short- 
circuiting an armature‘section and helping to maintain the dis¬ 
turbance of the fiehl. 1 It is, however, mure probable that the 
sequence, of events is in many cases as follows; Sparking under 
heavy sJiort-cirrqjt Jirat generates an appreckble quantity of con¬ 
ducting raipixir vapour, the circuit-breaker opens the external 
short-circuit, and then tin* almve-miyitioiied momentary rise 
of the voltage induced per roil stalls thp arc through the 
vapour. * 

Apart from the use of a fan and air-blast along the commutator 
surface to drive (lie <«udm:(itig vapour or air away, a method 
which tias been employed ify the Westinghousr Co., U.S..V, for 
the prevention of tlaslling-over in high-voltage eonliniious-ciirrent 
dynamos is to connect to the armature winding three slip-rings: 
a very high spent xtvitili, when (ripped by a heavy overload, short- 
circuits,those, an<l thereby the voltage at the brushes is reduced 
almost to zero so quirkly that the original <ver-lu.nl lias not time 
'to cau*e any serious flashing, and there is no flashing over. : 

But to whatever extent field distortion is the originating 
or the assist ing cause, the chance of "flashing over" is greatly 
minimized by the employment of a compensating, field winding 
which annuls the armature distorting effect, as will be explained 
in jj IS). 

§ 18 . Limiting number ol ampere-conductors per pole. The 

serotn 1 qau.se limiting the value tid therefore falls witliin the present 
chapter as due to armature reaction causing distortion of the field 
to an amount dc|<cndcut on the value of ac.fiY or the ampere- 
COlidilCtors under the (iol.tr arc. Whether the distortion causes 
the local voltage lx; tween sc'nrs to reach a dangerous aniount will, 
of course, depend on (he initial average value, which may tie so low 
that no danger need tx: feared. " 

As a practical limit to the-maximum volts per si'Ctor may be 

1 Cp. XV. W. Firth, " J'Taalungovpr in Comimilater Machines," Joum. 
I.L.h , Veit.. 4S. (- S* S, amt the discussion which tallowed this paj»er. The 
phenomenon has l ecu mostly Uadkd ill connexion with rotary convertcre. 
.which arc peculiarly susrcpliUf tn ( it : srr ]•". 1\ Whitaker, " Kutacy Con- 

* verters,” Jvurn. 11- /: Vol. till, p. Sill, with the following discussion, pp. 512 

and S9S : ilso -'f *<ia<. .*mrr. Vol. 99. Pari I. pp 617 |J. J. Lincbaugh) 

and 631 fM. VV. Smith); fottra. A ■ rr /./£.£., Vot. 41, p 174 (If. B. Shand). 

1 Jour a. /.£ £., Vol., 60, p. 514; and Trans. Atner. Tj£.E. t Vol. 99. Part I, 
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given 40 volts, 1 'and assuming the increase of volts under the trying 
pole-edge to he 33 per cent., the average volts per sector are limited 
to a maximum n[ JO, or if the increase is ,50 per cent.. to vnaxinium. 
of 20* In the casts shown in Fi£s. 327 and 329, tlie increase of 
the volts at the trailing pole-tip will lx: not less than 60 per cent, 
of the average s uits [x-r sin tor. Yet above the normal valye under 
it pole-face without distortion, the increase in the two cast's is not 
mere than 25 and W> ]xt cent, respectively. * • 

Identifying AT, ■ !\T' CJt \ h with toe normal ,1 T, -| .17, 
calculated without distortion, the density at the trailing lip of ft 
main pole is approximately when the shift ( / | S neglected, 

) iY ; ! Ar > 1 im )j - 
• h i 

where i^, is the [mlar angle ill cleetrit'al degrees. Sillie^, * /i ■ 160', 
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Kl. -I », 


;<i. 


Hie trai turn ‘ - ’ is iisit.illv about 1) 35 to (M so that if k is nut 

Kl, -< A , ' . 

to exceed T25. tile right-hand side Ix-goiiu s 1-45 to 1-38. If A, he 
rcclfnned as 15 Yleetrieal degree# #u Ijir non commutating-pole 
machine, (or c; ' IHXE15V), anil ,e»zero in the rommutjting-]>o!e 
machine, * • , 

2 (.47; I A T,) . 

* as . V</f 6 l " ^ 

* # 

1 Dr. K. " Thf* I* v< lopm<**t fjf his-C urrent Turbo- 

i Generators," Journ. I.L L , Vul. 40, and tine ilifrtussio'Vtfofpua, 

• The great dcsiraj^lity of jemtr va!vi%iw»t Mfffdiiijl 20 volts Jpa.9 led to 
the device* fry subdividing isirli armature loop into iwn Motion* by auxiliary 
com mu tatos connexions to t",* me ^tiotied^rf Chapter XX, §35. 
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Approximately, 1 therefore, 

AT, MV, AT, f-AT, 

//. ft ac.'fiYj2 * 

If 7 I ‘ 

field ;impcrft-turns lor single air-gap and tooth 
armature a in pare-turns acting at one pole-tip 

• * f. 

or alternatively express:-d < 

• .v; I .V, Ih-lil .1 T for double air-gap and teeth 

, uc . jtY armature amjierc-condurlurs.iimlcr pole-face 

must he * • -•K.5 to 15 . . ' . . {175) 

and if ji 0-71)5 in the nrin-pimniulatiiig-pole machine and 066 
with eiiuuiiiitutillg poles 

♦ 

A’ 1 X, ' field .17' for double air gap and Ireth 

* .. . . . 002 to l-l 

ar . l .iniuumv ;mi|uir i 'iHtcliK'turs \)vr \*w ' 

• , - ■ (176) 


While (lie above ipiailtilative figures admit of eonsiderahle 
latitude ill llleir ap|)liealioil according to the ( ireillllslaliees of the 
ease, thev serve at least*i leal]V to show* that the higher the normal 
value id /(„ nr of .Y l( | A',, the greater may lie the armature :mi|>ere- 
runiluclors jn-r polepijyli. l urther, thru derivation will have 
indientud that lilt* increase ill the saturation of the teeth under 
the trailing pole edge plays ail appri l iable part in limiting 
distortion. 


5 19.' Advantage ot the multipolar machine. The advantage 
of a large numltcr ol poles from the present point id view is evident. 
1 'or the same value of //.the value of the ailglTe-ls ilidurl ors |HT pole 
in . V is reduced in proportion to an increase in the number 
• of jsiles, Tlieil* is, therefore. thenivticidlv no difficulty in limiting 
distortion of Hie held to a reasonable amount. 


Next, as already shown (Chap. XIII. ij ;#)), there is a certain 
maximum value towards which H n tends and, with a more or less 
constant length ol air-gap. ( .i certain maximum value for A T t 
•f AT, or if, ( .V, which pfacti' jl considerations tix. Thence it 


1 The ;i(nutiire iimpcn'turns ivr.ptlt*an*; 


E 


at . V, hill- the emus- 


magnetizing ampere turns a< act i rift, on a p)it* I n't ween its edicts art' ftE ^ 

2 /> 

tic V*i»r at- their m,Anniitu afftvts a whple pole-pitch Arc af V. If expended 
in iHjnal pnjjVirlions hot the two ;»r gd|«, the ertiss anipcn'-tnnui Acting on 


"one pole-tip an' then'fore j 


1 / «• l 

ij- % a f,r /^ - °f at the n^rt'tne limit = 


{ <*• . V. tKe afhiatnre ^inperc-turil' # |fi'r pule. Since there is a liability for 
confusion* between the cross a enpe Velum! “ citing a pole " and "per 
pole." it is best to speak solely n{ apiperr-i oudiii tnrs insfrucl of *mperc-turns, 
wl^cb aunt Is all ambiguity. , * 1 
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follows that I here is a certain maximum value which ac . 1’ Must 
vmt exceed even in large machines, aiM such values in machines 
w'hout and with oomnmtatmg pole* are rosperlivelwr . 9 “ 15,000' 
or 16,(KK) stn|K'rc-conductors per |xilc-pitch. lastly, cnniomy in 
manufacture dictates that <rr should lx- pushed to its jxissilile • 
maximum until limited hy heating and sparking. 1-molly, there¬ 
fore, making <u IKK) per inch, a limiting value lor the pole-pitch 
is Tea died viz. , I 

V • lti-7 to “JO inches * • 

as already indicated in Chapter XV, i 17. and Usi^dly it isdrss. 



1*20. Compensating field winding* *In order to prevent the 
displacement ot the laid liy tie 1 art yin of tie- armature current on 
load, and so to lessen the k: kf yiicroi of " (ladling-over ' under 
difficult conditions such as occur in the design of tfirho-dyiyimps, 
the cros» ampere-turns of tin: armature niilsl he neutralized "I"his 
is tffected l>y an eijua! miintx-r of i amptrc-Utrns carrying » 

( current in tlifl "opposite direction t J tlic turns yf the ;ym^ture and 
distributed over the jxdn{pce 4 SriSfcat the neutralizing option of 
the compensating* lums may lx; pj-ojrortinned to the armature 
turrent, tllby are in serins with the main circuit ; lllt-y are wound 
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eithtr in holes, pierced through the poles close to their bored faces as 
first projiosed by Professor Ryan, or in slots uniformly disposed over' 
the polc-^ice. 'The principle Vindicated in Fig.' 332, the compen¬ 
sating conductors in the 2-pole machine being joined up into a coil 
enclosing tile armature. Thu ordinary field winding of the poles 
may be retained at the hack of the laminated pole-shoes which carry 
thp compensating winding. In the multipolar ijiachine the arrange¬ 
ment becomes Simpler, since with four or more poles the compensat- 
yig coils liedome flatter, and their ends can be more conveniently bent 
to dear the armature. The two sets of coils, exciting and compensat¬ 
ing, are (hen, so'to sjxsjk, in quadrature, and,the winding (tears a 



loo, 31W. 1 -Vltl frame of Snn.kilow.Ut tlirlXMlynamu with 

c[fl)i(VHM|iiif; liilr wniilm^ in 

(AU^‘mi’iiu» Kli'ktridl.its <n si'llst luft) 

resemblance to I he winding of the stator of a quarter-phase 
alternator. 

log, 333 shows the compensating coils before the four large 
shunt coils embracing the ]>oles are in place for a continuous-current 
300-kilowaK turbo dynamo at 23(1 volts, built by (tie Allgeinetne 
Kloktricilals-ticselLschaft; tht ! >w voltage causes a bar-winiiing 
to lie adapted. , 

Fig. 334 shows the ficld-magret c>f a 600-h.p. 110 revs, per 
mi a. compensated, motor built by the British Thomson-Houston 
Co., Ltd.,, also with a bar conqiensating winding; the field 
-coils are here between the yoke and the compensating coils, and 
there are^ilsc commutating jxiltp,. In some compensated machines 
the fiehkwinding pro|xr is itwtif disfibuted among the same slots 
with the compensating coils but in quadrature"with them. The 
compensating and field windings car. also be combined with local 
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commutating*coils surrounding reversing teeth in the centr* of 
4he gaps between the several fields. 1 • 

An interesting rpiestion arises as to how the armature In a com- ' 
pensated machine is subjected to torque when, the dispfleement 
of the field is prevented. The answer is that, as shown by Prof. 
Gutlon , 1 the lines of flux thread round the conductors of the com¬ 
pensating winding and of the armature in opposite directions so 



I ; ni. ;«4. 1 If 111 of tiUO-h.p 110 rp.w compr imled fiudor. 

{Tlir Ifritisli Tlioicismi*! loiibtcili Co., Ltd.) 

» 

• 

that, although ini lined to the armature surface at lmicl) the same 
angle as in tie- machine without co^qviisating winding, there is 
no flisplsu'emi'iit tis a whole and Um* neutral axis retains the same 
position as at no-load, as mdioateil,in fig. 332. * 

Since the compensating •Jiifperc-ronduetors are usually only 
disposed on the pole-face, it follows that if they Lmjrensjte Jor 
the maximum cross ampcre-luilis with diametric annaturc winding 

• s * 

1 K<jrfurlly'r ilIustraliimaofcf>mpchsa£:t L machjnea, am(li&p. XXIf, Fig. 421 * 
and \V, HnnJt,* " Direct Current Tur^ckfi^nfijators/* Joum. l.E.E, Vol. 40, 
p. 625; (i.SUMM y and A. H Law, '* Klcctrical Macnin^y/' Joum. 

i.E.E., Vol. 41, pp. (1&9 295* • ^ w 

# * $notetJ t>y A. lllautlnit, Rxherchts EMptrimtntaUs ti Thioriquei u*r An 

Commutation, p. 64. (Dunod et Pinat, Pari*,) 
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and no angle of lead, the actual ampere-turns under the poles must 
be over-compensated; with chord winding of such degree that, 
the shortyircuited wires are brought to the jwlc-itips, there need.be 
no over-tompensution, hut of course such a winding is unsuitable for 
commutating pules, which are usually combined witli compensating 
winding. 

The following particulars of an 8-pole conijiensated dynamo, 
50(1 Volis, 25(g) jioi]>i r< s, 750 revs. ]x-r ruin , are given byj. Rewlmkn. 
The amiatpre was 411-4 'ins cliani. by 18-1 ins, long with 168 slots, 
fracli containing 2 bars. The winding being a simple lap, ac — 770 



per inch. I lie main ail -gap was 0*25(1 in. The jxilai arc was 13 ins. 
or 76-5 |Kir cent, of the 17 ins. of the pole-pitch. The main poles 
were laminnled anil on racll were 10 slols, eaeli c.iiTVMig one com- 
-jiensating liar (t ig. 335). l-onr colls of 5 lulus were in series, and 
two such sols in parallel, so that each compensating bar carried 
2500/2 1250 anyvn-s The umiierc-cundurtors of tin- compen¬ 

sating winding were, tlu-n-fidc, rrr t 960 |>er inch The armature 
bars under a main pole-face were, therefore, over-compensated, 
and the roil)]vns.itmg winding lialanccd 95-5 ju-r cent, of the tytal 

, ■ ' ' , ft till s 336 

armature’amivic conductors tyr pole 13,10(1, 

, ‘ B 

i.e. 12,500 am|t-!c-tiirus of confjwhsatmg winding jvr |>ole = 95-5 
perVertt. o(> 13,100' The solid commutating pules, therefore, were 
wound with two turns only, ejich carrying 1250 amperes. The 
bomnuifating air-gap was 11-394 In. 

f ompcnrsitlhg wimVing is rs(y Vitlly valuable in the case of turbo- 
djuiamustvliero the high sjiecd and smhll flumbcfyl sectors per pole 
lead to high values of the avfcrlge vojts per sector. 
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Messrs. Pafsons & Co. Iiave partly on the same account lyade 
,use in turbo-dynamos of a special armngement of compensating 
r«il which also pruduces a commutating held with alyiost % complete 
air-path; not only can a perfect balance up ty a heavy ^iverluad 
current l* thereby secured, owing to the absence of iron saturation, 
hut also the absence of hysteresis and eddy-currents enables the 
quickest changes of current to he simultaneously followed. 1 

^ 21. Effect of eddy-currents cm field, ampere-|ims. lit' con¬ 
clusion it must be added that any eddy-currents in llit- armature 
exert a demagnetizing effect on the held analogous to that of the 
hark amjx:re-turt\s, and inaccurate commutation of tlie»slmrt- 
circtuled loops, caning large parasitic cuitintsWhcrciii, fu iy also 
have an a|4prceiahlti effect on the ampere-lunis mpiifed on the 
held. H open wide slots in the tofithed armature set up eddy- 
currfuts in the [X'k -picces, llirsc again must he i nuiili-rhnlaiiiTil 
and may call for a Mil. ill increase to he added to .17 , in reckoning 
out the lield winding. 


THK Hoclolsilau 1 tvs AMO 

| 22. Armature reaction ld homopolan. A murIi’ li.ix* mounted axially oti 
llit* surface <>f a < ylmdruul ndor ami oarrytug i intent would by its niuRnclD- 
motive force i.diu 1 a nnlmlmn m Ihv (li'uxtv at (lie resultant litix ahead of 
itself ami an iiu rru^tl deii.uly 1 •"hnni itself 'I Ins tvieipjul ilhliinilutii ol 
the tlux. would n .t* h mt^ lie- maviol I hr rotor a n*! sldlur, iiihI I ravelling ovrr 
the face <if tin- l.ilb r would give n>e to losses liy hysteresis ami edd y^'linen t ft 
in tint iron. This «-ife« l would, however, dis:i|lN\ir with a miniik'tt’ onp|NT 
l yliinl'T. which by itself would In- Mirroiiculi.nl by a lluv t (iiuviitni* with the 
axis ol tin- t yhmler The M M l‘. id mu h a tylkDck t is at all limits at right 
audit's to tin* original radid mdniing Hn\ and In its M M K, so that w<r have 
ulmt may la* 'etmrd a " rv*t.nigiiJur intersection *' <if M.M.K/s. Two 
ItiiKi-s at fight angh-H to rmli other an* physically impossible, am! tin.* actual 
result in nature is Out tlf* dux in twisted round, laiiswg n |o follow a longer 
am? perhaps im.j)c‘ saturat'd path ; if <i/ x and <it t are the two M.M.l'Vii jicr cm. 
length of the two paths, the reluctivity is dependent on 4*257 b firfj 1 , 

ami tile latter ilivuhl by the former yields tin 1 resultant llnx densit)* 

It in, luvwrver, perfectly legitimate mentally to resolve the resmtunl flux 
density iifpiin into two ncUiiKul.ir r.omjxmvntK. nr in our ihn- inte a r;l<Jla] 
ami a content no cotn] k men t. When so resolved, the ciarijMini'iit iluxes must 
Ik' regarded ns carrying with them the jxnni^ibiht y of the medium ill its final 
state ; that is, the two component density ate glWU by I he relation 
V 'f w here Ji t j and are the (Jj-nsitifs that w»uld*)H! prmliioii 
by the two MM.p.fc acting sepuruti lv <>y the medium in its fin*il shite, or 
1-257 and I 2i7 ai t : t r * • 

In the present case,, everything being symmetrical in i in. lex •< oncenlrir. 
witn the shaft in machines of tin ■V'i type, the resultant flux is Riven a 
slant towards the armature instead of %-ing truly radial^to it (l'ig. ICJK}, 
lVh«tlicr in air or iron, not only is Uie length of path increased,-but owing In 
the slant’nf the lines, the density at right angles to the flow is yicrrased, an t 

.. • • / 

1 G. Stcmey *Jnd A. If. Law, " High-speed Lleetrkal Machinery," /owr», 

J.E.E., Vol. 41, p. 291. 

1 C^. J- K- Xuegfcrath, ’’Ar.jAlic (ifofltojmlar) Dyinmus," /mi. .4mcr. 

Vol. 24. p n. A ilitfen nt view lias, how’ever, since Ixxtl rxjiTrMOl 
'by him, TVftnj. Amtr. 1 fr.L., Vol 31, Part II, p. 1338. 
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drown by comparing Lho section* shown black in Fig. 337. 'In air, with its 
constant reluctivity, this dews in* imply any reduction of the total flux entering p 
.the armature or of the induced K.M.F., since the increased MM.F. which is 
required is exactly that which is supplied by tlie M M.F. t>l the rotor cylinder, 
but in if A the i nc reaped saturation and Lessened permeability will, according 
to the view expressed above, lead to a value U X f lor the radial component 

* which in less than the value of the original radial density, anti the induced 
JvM.I\ is accordingly decreased. ft> long as at { has any Value tho resultant 
flux will never Ixxnme concentric, but will always slope into Uic armature. 
Th* gt-juliial ivii'jliiig round of the iniLial tlux (even*if ita value decreases) 
and its incn asjriff <leusity alright angles to its patli as the armature current 
is increased rxactly corresponds to the gradual growth of a component 
utnerntric llux from «-n» up to a high value proportional to at t . It would 
only Iwyitne truly concentric if al t were itself to been me infinite. 

In nrdi-r llir n hfe, to r1u‘i:k the reduction ol F.M f l\ which uccrvt under 
lr»:ii| and whir li h;i$ above K-rii attributed to armature reactiLn and to 
s;Uurn(joii of* I lie fmle fiir.es, it has kvn the practice to compensate the M M.F. 
of the armature. This would !»• s^wvd by a sjinilur copper cylinder on the 

# hu e id tin- stator connected in scries with the armature and carrying the prae 



F«;. Tkv Path of l!u\*n» l'i<s. 337.- Umgram tn illustrate 

9 • .in*gup of liuiiiojiiililr mrxvuwd resultant density 

•lyiiatuo ii Hi ter load. in air-gap. 

current bill ill (lie opposite direction, or with several inducing sectors by 
corresponding tint *«-i tors on the face of the stator. r * 

lint, as already di-si rib-il ft'hapter Vll.f l>), ill prat lice it is more convenient 
to depart somewhat furlU»T front tin: ideal ease, and instead of sector^to 
employ a uiiinN-r of equally spannl bars sunk into the siii/iice Lint h of the 
slat nr ami I ho rqtor. If llie^e are sutiic.initly numerous, an approach is 
•fuude to the simple conevntrie shell audits purely concentric M.M.F, Owing 
tn ihr local separation of ilii* Kirs some of the unequal distribution of the flux 
winch accompanies the single liar still persists with consequent loss by hys¬ 
teresis ami eddv currents, and with MU tie reduction n| tile K.M.F. owing to 
unequal .saturation of Mm iron/ Its annuml is lint, however, sgHicirnt tu 
render it necessary to laminate the rotor core. 

§ 28, Enduing reaction Id hobopolnti. The reaction of the armature 
current has, however, not yet Iveli cxIiAusted, ;uid nlxni^ tile effect finy to 
W doirilied there is no question. \S ifa a single Kir and a fingle brush pressing 
on the (electing ring, eiurpt whey tlie louitexuin of the b.u to the ring 
is exactly undernealb Mu* brush cmitacMuirfciee, the current divides into two 
portions iun irclin| the ring in opposite iVinctmu-s and reaching equality when 
tltc4>aiv'nriii^\uiti is diametrically opjnisite to tho brush. The net result is 
therefore an idtrmating M M.K embracing the main magnetic ciituit. In 
the axial typJ with double magnetic ciqmt, this acts at each end of the armatirc 
bn its own magnetic circuit, causing hysteresis and eddy-cumqts in any solid 
metal. » 9 <-v 

Such an unequal division ul thqr-urrent in ^ach collector ring may very 
Largely bc^ibvialed by dividing the single Dar into foifi 4 or more conductor* 
in igirailrl which are connected ml iquidistant points round thrf^ircle of the* 
collectv>r ring, and this method has in practice been followed. ( 

* 1 
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T« balance the ring reaction completely, each end mna% separately be 
gendered neutral, and the aim must be to red mi to «?rn the tutal algebraic sum 
of the currents in any radial section though the rings at evenr inn men t 
whin their direction*, clockwise nr counter-clockwise, uc*duly into 

account. This result cannot be entirely secured with a finite number of rings, 
but is approximately attained if with .r bars cnnimleil consecutively to 
adjacent rings, say. in a clockwise dimlion. the brushes aie set cousecutivHv 
at angles of 380 jx degrees apart, blit m a intintrr-fi\vf:iri*e direction. Thus 
while the connexions of the liar* to tin* rings dr sc nix* a screw thread ivuml 
tht^haft in one directs A, the brushes describe a screw thread round the shift 
in the opposite direction 338), 1 The objection then arises I hut With 4 



there arc x points c*Hrtimu, iir. j. ]•!. Ni*egi;« ralh 7 has thcrrlini* 
(IcvrlnjXKl the metlW further, by nil n a^mg Uir* pil<h of tin- h tushes so iliat 
they dcscrilie more than one spiral round I lie shaft. Thus with 8 rings at mn j 
end. tile brushes are made to desi threads poind l shaft, or with I2 fv 

rings 4 threads, and thereby Lhe {units *1 collection an: brought in1f»4 groups, 
with the consequent advantage iliat only four op mug** ate required in the 
magnet frame to give acu'XS to tlv brushes for inspection and attention. 

If the connexions of the rotor liars arc upl taken sftuighl into the rings 
in lines parallel to the axis ot the shaft, but slant ai.ro.s-. the Jiriiwtuic vi that 
the bars and the connexion jmmts have an j^igului disphuuncut, the currents 
partially or totally encircle the mam m.ig^eti- nrcuit, and, with the right 
direction of displacement to nu reavr Ity dux, a compounding i-ffret uin 
thereby lx? produced- The same effect is sitaiLiilv produced it the leads 
connecting the brushes, to the rojuneiuiahug Isirs in tin.: stator-frame me 
curried partially round tile shaft ia of in straight linen, with the additional 
advantage that the conipuuriding effect lin l>c adjusted in amount by shifting 
the brushes more or less round the gngv i • * 

b The proportion of the total currentrarriril is marked for the*low«r paths 
from bare to bqjfhcs, an<l is the inverse %A the relative lengths of the paths. ' 

1 Ttans. A met. I ti /: . Vol. 2 A, 
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I (IMMVTATIira AM) Sl'AKKISd AT TIIK BRUSHES 

$ 1. Sparking at the brushes.—All who have had practical experi¬ 
ence uf ilii! working of dynamos giving a ^oiftinuous current if ill 
know tli.it in most cases llic hruslies hy wliicli the current ix collected 
ate so mounted as to permit of their licing shifted round the cylin¬ 
drical surface ofjthe commutator at least through some small angle. 
They wilt also he *w,treTliat if the [xisition of tfie tips of the brushes, 
as they press tin the commutator, lie not properly adjusted, the 
result w ill he sparking at the Mishit. The waste of energy' involved 

* in such sparking is hut small, hut its presence alwtiys lends to shorten 
the life of Ihe mmimil.ilor and hruslies, so that its suppression, so 
far as possihlv, is in every way desirable. The presence or possi¬ 
bility of sparking at tin' Iiru-^H'S is, in truth, the peculiar bane of 
machines with ciiminutators, as eotilrasled with alternators; 
currents in the latter may require lit lie eolleeted liy brushes or 
rubbing contacts Slicll,as have been shown in many previous 
diagrams, hut the nicely of adjustment required hy the brushes 
of lieler*-polar eiirWimions-runvnl machines, if sparking is to he 
minimized or entirely .(Voided, is a ilisagrecShle eharaeteristie. of 

* fheir whole el.iss, and is entirely due to Ihe presenee of the com¬ 
mutator as opposed to tfie simple roller ling rings of the alternator. 

V'nles, an approximately eori'erl adjustment of ttu: brush posi¬ 
tion ean he obtained, a row of sparks will appear,leaping across 
between the moving sectors and the stationary brushes. These 
sparks, which arc virtually small arcs between sector-edge and 
brush edge, may lie small, bluish-white in colour, and comparatively 
"‘harmless*; m if the ine.\actni-ss of the adjustment he eonsiderable, 
they may he of a reddish colour and extremely violent. Hut in 
either ease, if all*wed to continue, they will sooner or later pit 
the surface of the commutator sectors, destroy their smoothness 
and evenness, and heat tin* Ikuslu-s. Once started, the effects are 
cumulative, and the misi ln^l grows apace : .flu: commute tor 
becomes untrue and worn fnto ileep and rugged g['naves; increased 
sparking is caused hy the " jumptiy -i ,i)f the brushes as they pass 
from s«’ctor ta Vector, and (lerlAps the tips of the brushes become 
partially lusVd ; llifis the commutator is gradually eaten away until 
its state is*past all remedy. To cheek the evil it is necessary**© 
trim the brush-tips contimuilly ami 11 true up " the Vftrfacc of the 
commutator lay turning it in a Ifffife or hy grinding it with an emery 
wheel, and these ofteil-tV[*Mted processes result iTi^l greatly reduced 
lifc.uf both commutator and* brushes, r 

so 
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4 2. Mean* for adjustment ot the brush position, -Shirking 

4 ii closed-circuit armatures js therefore*.™ unmitigated evil, to' lie 
owrccune almost «t any cost, an<4 the possibility«nf nftvmg the' 
brushes so that the position of their tips may he adjusted to suit 
the normal working load is usually a necessity. It should further lie • 
possible to do this easily and steadily while the machine is running, 
and without in any way interrupting the passage of the current, 
f(ittina.ll multipolar dytymos this iselfeetedjty mounting the brushes 
on insulated spindles projecting horizontally from a cast-iron 
star frame or " rocker.” This latter is made in two pieces. Willed 
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tugetherjand fitting intoagriMive turned in I lie surface ul llieptimmier- 
hlock next to the comimitator, so as to admit «>( ils being swung 
through an arc or rotated by a lialiil-whuel eel ualiilg a link i uimrrtrd 
to the rocker (Fig. 31191 or by a worm grilling into worm-wheel 
teeth on a sector fastened to the rocker ^Fig. 3-10). Rigidly fastened 
to «ich arm of flic star frame w *i gvii-iiir1.it spindle, entirely 
insulated from the iron bv means of piiranite or bakelile plates and 
ferrules, and the brush lioxe* wfluh hold the brushes arc threaded 
on the spindles and firmJv fixed in place, 1-jp. 339 shows the 
rocker mounted in position on*the licaring and carrying four sets 
of Varlxm brushes, opposite sctsflreing connected together by., 
semicircular copper rings, to wlucji^re attached the ngiin armature 
brush leads. liac^ brusl^ bi*x is fttled with a spring, pr which 
the brushes'guc kc^it pressed down op jhc commutator. 

* In largg *multijx>lar machine* a cast-iron ring is usually mounted 
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on the face of the magnet yoke-ring, and rotated within the circular 
groove which forms its {eating by similar mechanical gearing. 
From this ring project as many arms as theje are poles, and eaclS 

* f 4 * 


I 



p 

arm either forjns the frame carrying a’set of brushes or has attached 
Uf it k hriich spindle (r^. Figs. 341 <jind 342). 

| 3. The process ot short -circuiting a section.— t£c e^act 
* nature of the process by which .he current is commute in a section 
of a closed-l ircuit armature yvnding during tiic time when it is 
short-cinuiUd has hitherto only bceli generally described. It has 
been shown (Chapter X, §§ 2, G) that the brushes must‘be placed so 
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that they sum uf> the E.M.F.'s induced in the groups of sections form- 
jnpthe two of more parallel paths into \^hich the winding is divided, 
'and at the same tune so that they short-circuit each separate section 
when it is passing'approximatcly through the interftolar gap ahead 
of the neutral line in the non-commutating-pole'machine, or under 
a commutating pole, so that in either case there is a small reversing 
K.M.F. generated in it. Hence, if the litid l)e bijxdar, tlieir position 
wijl 1* at opposite ends of a diameter, corresponding roughly-with 



l ie, 3-11-Tcn-poto brush fKRX mounted nil magnet trainr. 

(Messrs W, Jt. Allen, Sons & I.td.) • 

« 

a position of the short-circuited coils’on a line of symmetry at 
right angles to the general direction >4 the field. This preliminary 
description now requires to be furthcrtomplifictl. 

Considering anjt one section of thc*nnnuliirc winding (whether a 
single loop or a coil of many loops), terminal ed by connexion to a 
commutator sector at cither *en a* lot that sector whf'h first enters 
undertheedge of the stationary Impish be termed tlx;" leading ''see. for 
of Jhe cod, just as that Itlge or corner of a pole-piece under which 
a coil first enjjrs after passing thrcfjgh the gap between two pole- * 
pieces has already heen called Ihk') leading * edge,»th«ic being 
opposed respectively to tilt "*lrailing ” sector and the " tnilmg ” 
edge or copter. • • 




brjixlies, At afly time during slfort-rircuit, let i lx: tlie instantaneous 
value of tlie nimAit in a short-circuited coil, and let / be the full 
current then flowing in any ore branch of the armature winding, 
— IJq according to tlie number a of pairs rtf-parallel paths 

in the artuature, both i and //firing reckoned positive when in the 
direction of the current More commutation,' Then » will pro¬ 
gressively take various values as indicated by the upper row of 
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symbols in Fig. 343, viz. f, according to the position of the 
(•nil* or the time which has elapsed suite short -rircnft liegtm. In 
Fig. 343 section 3-4 is just going to be short-circuited :i« sot or 4 
enters under the brush, and at tlfis initial mojnciit wluti t o, 
the starting condition is always i = }- J as shown. The current 
through a commutator connector or a sector, reckoned positive when 
towards the brush, is always equal to the difference between the 
cuarents in the coil which immediately follows and jin that w'hifh 
immediately precedes if. * , 

The period of short-circuit Ijeing, in the ordinary rase of a simpk* 
la])-wound drum,, the time that elapses lietwoen entrance «if the 
trailing sgftor under the brush and emergent a «f |Jie leading sector 
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on oilier sTfle, is dtn*etly proportional to tin* lliirknrss of thfl 
lirushes less one slriptof mica, and inversely proportional to the 
peripheral sped of the coiiiniutator, i.c it is the time taken liy the 
edge of a mica strip to pass the brush ; or in seconds, 


T- 


fh K 


K) ■ 


(ill 


(177) 


where 6, the width of the brush ^entact in the direction of 
rotation, i„, the thickness of a micanstiip, 1>, the diameter of 
the "commutator, *all expressed in'tfie siim- units, and a the 
uumlier of revolution* ]ier minute, At b - the pitch of the sectors 
on the surface of the comnuHatAf t«c tilt- wiiltli of pie sector and 
one mica strip in the same unit .js that in which b t b„ isexpwssed, 
ancj C ' the numlxr of sectors, bC nP r , so that wcalso have 

T = ~ . It is usually.!^)! a small ^-actioi^of a second, 

averaging from : to i fosfti ; e g with carlion hmshes J* thick, 

set so as togiT e practically the same width of contact (after deducting 
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tlie thickness of a mica strip), on the circumfcreupe of a com¬ 
mutator 7J" 'in diameter and running at 900 revs, per minute,, 

r '6^ «= 0-00212 second, or if v.' ~ the peripheral 

:H4 x 7J X 9fk) nDfN 

sliced of the commutator m feet per minute, t.c. =■= - - ^ -. where 


t) c is tlie diameter of commutator in inches, and 4, - b„ is in indies, 
T —^seconds., During this brief time the current i nnist 


(link from l J to aero and rise again in the reverse direction, i.c. with 
changed sign. Jf the reversed current he raised to the same value 
at the end of slvfftrci unlit as it had at the Loginning, if i — - J, 
the opening of the short-circuit will find the coil carryi-g the exact 
current llowing in the coils oh the branch of the armature which it 
is to join. Thus, in big. H4H, when the sector marked 0 has moved 
a little further and is at tlu- point of emerging from under the lirush- 
Iip, the current ? in the foil should for jterfed comniiitatinii lie 
exactly - /, The nirrmt in the leading nmimutator connector 
and sector will then again )x: -/-( ./) 0, the whole of the 

current which they have been carrying during short-circuit having 
hcen withdrawn. 

Thus, e.g with SO sections per armature path and an armature 
winding, over the r/-si stance of which 5 volts arc e\|iended. a net 
effective voltage of i'.il!i of a volt must lie acting on the slitirl- 
Vircuildll coil as it leaves the Irak, in order to correspond with 
tlie passage through it of the normal current. The commutation 
will thop lx- effected without any violent change, and consequently 
wit limit any sparking It is evident that the transference of a 
section of the armature from one path of tin- winding into another 
on the loading side ol the brush can only In- sjsirklcss if the original 
current in the section is slopped, reversed, and further is reversed 
to exactly the same value in the opposite direction within the 
period of short-circuit. 

$ 4. Apparent .inductance of short-circuited section. Now the 

current-turns of the short circuited roil, since they surround a 
portion of the magnetic l ire lit, react on the field system, so tilat 
the number nr distribution”of the lines of the resultant field is 
different .from wlmt it wtnihr he if the short-crcuited coils were 
absent. l f or the consideration of the problem of commutation, 
then, the conrplele resultant field must lie mentally resolved into 
(1) the flux and it'i distribution as due to all the armature ampere- 
turns with the exception of the short-circuited coils which are, at 
‘ any time under the brushes, a fid (2) the flux and its distribution 
as due t> the shnrf-rircuited /oils when imagined to be isolated 
from the rest of tlie armature winding. System (I) and system (2) 
each have their own appropriate amount of magnetic ehergy stored 
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iti their fieldj, as components of the resultant field, and the value 
of fhis energy in the case of system (2) ctu lie more or less accurately 
determined from Jhe approximate distribution assigned *o its own' 
fluxes with which it is separately credited (for.the latte# see Fig, 
344 («) and Fig. 387 (e)). 

Since the short-circuited coils arc situated at or near to the line 
of symmetry between the poles, most of the lines of the supposed 
fit*; linked with tintn cross the double air-gap anr^ enter orleifve 
the iron pole-faces, and thence pass onwards through the liehb 




I’Vi H'U St-lf imltiti'il ihiv thir i*i ire nilr*«l v tlimis n] arfliiHurr. 

magnet kibbins to complete their circuit, iTJie field-magnet 
Iwbbius are practic ally sltort-rirc uiled by the armature winding, 
and as the double air-gap is the chief iblu m the m.ignclie/eluctauce. 
the system is so i<r roughly equivalent to a transformer with an 
air-core and a shott-circuited seiciiuLuV. I’ndcr these* circtlin¬ 
stances, for rapid changes of jnrant ccmiparable with the frequency 
of commutation in a dynamo, tlic*effect of the secondary, if of 
negligibly resistance, nearly r cum ter balances the •action o! a short- 
circuited coil which is the primary and the latter apparently has < 
very little selhindnrlance. Any change in the total flux linked 
with the exciting coils and the aAualnre as a whole is* in fact, 
damped by the gTjflrt nmtflal inductance existing liclween a short- 
•ireuited coif regarded as a print ary' arfdlhc fiekf coils as a secondary. 
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Only a lew lines from the short-circuited sections stil^ continue to 
pass'tni the field-magnet, sufficient, that is, to provide the F.M*F. 

' which causes thf damping variation in the exciting current. This 
damping 'action is (specially marked if the exciting coils are wound 
. on metal formers or cases, which in themselves constitute a closed 
secondary of one turn. 

There is, linwevcr, a certain smaller manlier of lines in the com- 
[Miftent field of system (2) which do not pass through the field coils, 
lint which circle round through the air lietvveon the pole-tips, or 
pass i m medial rly across the lops of the slots in which the short - 
circuital coils lie in the toothed armature. Further, when the 
field-tuagfict win dull* is Hosed on the armature and the current in 
the shortcircuited coils varies, some of the lines which would other¬ 
wise pass through the main ntagnetic circuit are rojielled into the 
* lijw of the ^siks, so that they avoid the exciting foils of the magnet. 
The iulerpolar flux circling round the short-circuited coil-sides is 
thus increased (Fig. .144 (/i)), although not to any great extent. In 
virtue of the total of llu si'liues^i certain " apparent ” self-inductance 
may ixi attributed to a short circuited coil, and the value of this 
is very much less than its true self-inductance. When tested with 
alternating current, the apparent induclanee of an armature section 
with the field'tnugnet rirruit closed on itself may he less than half 
the true* induct anew with the field-magnet circuit ojxn, 
m ' Ttie (jiiestiou is, liowcvl'i, still more complex? and demands further 
analysis. Taking a single section of a drum armature, i.r. a coil 
with two sides, when undergoing short-circuit, there are always 
other coil-sides adjacent lo it which arc also short-circuited cither 
at the same brush or at adjacent 1 ►rushes on either #ide of it. Jn 
the case of a machine in which the mmiher yf commutator sectors 
jht pole or ( I'lfi is a whole miinher, whatever is taking place at 
one set of brushes is also taking place al the adjacent brushes, so 
that close to the sides of the considered coil ,4, in which there is a 
varying current f, there must he the sides of two other coils It and 
ll r short-circuited *at the adjacent hruslies ami each carrying an 
identical current, since they arc at precisely the same stage in the 
process of commutation (bigSlt-ISJ. In addition, therefore, to the 
K.M.T. from the apparent sclb inductance of coil ,4, or - > . d\fdt, 
there is also present in .1 ’the h.M.F. from its mutual inductance 
with coil-sides II and It,. or’ /{ diidl. Next, if as usual each 
brush set coved, more than the width of one section, there arc other 
sections .4„'.4 tl , eb*. lying alongside-,! which arc undergoing short- 
circuit at the same hrush, but w^iieh have Cached a different st^ge 
of commutation. and which are therefore carrying at her airrents 
i,. i,„ etc,* Lastly, there are otfieY roils B v B„, etc., of which one 
side is in close neigh liourhood to coil A\ null which jre short-circuited 
* at adjacent brashes on eitheTsMe ; from both of these groups there. 



COMMV'UTION AND SPARICING A T SHUSHES 69 • 

is mutual inductance .J(\. ■./?„. etc., giving E.M.F.'s in A which 
may be concisely summed up as - S tf.tfflijdt}. In this case also 
we need only consider the apparen £ mutual induetsyice, (tee to such 
lines as do not pass through the pole-faces and onward! through 
the yoke where the variations would be damped out by the exciting * 
roils. Thus the total E M.I"', of apparent self and mutual inductance 
in the considered coil is 




To illustrate tuie quantitative effects, if y l>e tjie apparout self- 
inductan/e of tlic one section A , tbo armature beiilg in air,"tile addi¬ 
tion of a second section .1,, if in the same slots and short-circuited 



o 

Fit;. 345 Cm I- suit's luvii^ mutual mclm.Uuic v with t ••nsuleml coil A. 


by the same brush, will almost double tbe flux, and the apparent 
self and mutual inductance of A will not I >c far short ot 2 /. But 
on the oilier hand, when the added coil-sides are in diffevont layers * 
from those of A, as eg. Jl and B,, firing parts of sections short- 
circuited at adjacent brushes, the totaHmilu.il inductance from the 
two coil-sides It and It r at the bottom and top of slots witli the coil- 
sides of section .4 at the top and bottom of the same.jlots will lie 
about 70 per cenfc of the entire self-iiiifiictanec of tile latter, When 
the added coil-sides are in slots adjacent fu those of A, their position 
in those slots is immaterial ^ if then the end-connexions follow the 
same path, as e g. wlic-n section A , ts in slots ailjacdnt to A and is 
short-citicuitcd by the same biush, its mutual Inductance will he 
about 33 per cent, ot /; if the JUid-connexions follow different t 
paths and only the slot inductance is affected, as with B and B , 
in slots adjacent to A , this will* sink to about 22 per tfnt. The 
apparent self and.itiutu.il Inductance of A alone in these two cases 
as therefore" 1-33 ( and 1-22 /. * * 
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In the case of a machine in which Cfip is an uneven, number, 
is absent, but’ the numl>er tif coils to be taken into account unSer 
'2’(. is .increased. What may be the effect of the second 

term in hie aliovc expression (1*78) entirely depends upon the sign 
. of dijdt as compared with the sign of dijdt; whenever the rate of 
current change in any one or more of the coils A „ li„ etc., is opposite 
in sign to the rate of change in the considered coil A, then the coils 
of'which this $ true simply have a damping‘effect, and take ftp 
some nf tjieamcrgy which is living freed from coil d, or if the current 
has reversed render its growth more rapid. But when the rate of 
current change, ray in coil H v has the same sign as dijdt, then they 
mutually' supportrxini; hint her, and owing to the proximity of the 
coif /t, the energy connected with the coil ,1 and its apparent 


inductance are increased. 

A furl her complication is that the apparent inductance ‘Will, 
strictly speaking, vary with the position of the short-circuited coil, 
according to whether it is in the centre of the interpolar gap or 
nearer to one jxilu-lip than ,in the other, and thus will change 
somewhat during rotation, Vet since the movement of the coil 
during the period of short-circuit is but small, the apparent self 
and mutual intluctaita' of,i section of the winding may approximately 
he regarded as constant for a given position of the brushes 1 

But however this may lie, and leaving for the present the further 
examination of the effect of. S/Jijdt, tin- e nth under consideration, 
at the moment of arrival at the point where short-circuit begins, is 
possessed of a certain amount of electromagnetic mergy stored in 


its field equal to 


C' I -*J' 


The <|nest ion of securing sparkless 


commutation turns, then, entirely upon ovr ability to dissipate 
and to re store this amount of energy within the brief space of time 
. of a few hundredths of a second. t 

ft can"tie dissipated in any or all of four ways 


(1) through transference of the energy by transformer inductive 
effect into other short-circuited coils; 

(2) in heat by passage of die current over the ohmic resistance 

of the coil and contact resistance of the brushes, the heating being 
then in excess of the normal • < 1 

(3) liy motor action, the sbort-circuited ctjil assisting to drive 
the armature whenever its cur root, is< opposed in direction to the 
K M K induceS in it liy the main external field ; and 

( 4 ) by sparking, . * 

‘ It can lie re-stored in three analogous ways : (1} ^y transformer 
action, (2) through the action pfjthj contact resistance of the brushes 

i SmA the percentage uf the linos wtih.lt flo nut m$s through the held- 
magnet bobbins is ^rvatcr when (toe toil is moved away from th- symmetrical 
lint, the apparent induetanev increases. s u 
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applying a difference of potential to the ends of the short-circuited 
coil which assists the growth of the reversed cun-ent in it, and (3) 
hy generator action, the E.M.F. induced by the reversing external' 
field exceeding the amount lost over the ohmic resistant; by the 
passage of the current existing at the moment. 

Under ideal conditions of perfect balance between the effects oi 
rotation and magnetic energy-change and no sparking, the resultant 
magnetic field would remain constant and^unmove^. But even'll) 
this case the means of lilrerating the energy and of sc-storing (J 
must be present, so far as cadi short-circuited coil is considered in 
isolation from ah the rest, when the 
current in it sinks from J to zero and is 
again raised to the same value in the 
reverse direction, i.t. to •- J. ' 

§ 3. The equation of short-circuit.- 
The liberation of the stored energy 
in an electrical form or its re-storage 
gives rise to the induced E.M.£. 

- ( 7 ) . //)(lijtlt which forms the first 
term of (178); eg. if the current 
Ix-gins at once to fall towards zero, 
and then rises to - J without over¬ 
reversal, di dt is timing I lout the process 
negative, anil then^ore the induced 
K M T. is positive and retards rominu- 
tation hy maintaining the current in 
the old direction. 


n r v i * i' 

—*- a —n — 



Kin. Sir! *J‘|k- stiurt irciiil 
of a single toil. 


At the same time the coil is moving through an external field. 
This field may lie eitlier that from the fringe of the main field lines 
within the iiiterpolar gap, or a sjmrial field provided for the purpose 
from commutating poles. In either case it is the ti sultant due to 
ttie magnet-winding or windings as modified hy the preserve of the 
armature ampere-turns that are carrying the load current and arc 
not themselves undergoing short circuity The value of the impressed 
E.M.F. due to the movement through ties field will vary as short- 
circuit proceeds, and may lx: expressed as a function gf the time, 
-=/,(/). In otdur to complete the differential equation for the 
conditions of a section during short circuit, let a single cftil AH be 
considered separately (Fig. jTlftj, tl'e positive direction round the 
whole circuit A BCD lx:ing taken* to he that of Hie current, in 
the coil .before commutation begins, Tile current in Fhe leading 
commutator connector is then 


1 1 ~ «*- the current in thg preceding <$iil 
and in the trailin^:ommwtattT connector is 
» i t =• i - the current in,, the foil Swing coil. 
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There must now be introduced the ohmic loss of yolts over the 
resistance of the short-circuited coil AH and its commutator con¬ 
nectors, and ovjer the brush contact resistance. JLet r be the resis¬ 
tance of‘the coil 4H, and r, be the resistance of one commutator 
connector, e.g. HI). Let the contact area between the brash and 
the leading sector Ire at any time during the period of short-circuit 
FJ, and simultaneously tiiat between the brush and the trailing 
set;tor tic •/•„".( The contact resistance uf cithbr portion is equafto 
its specific .contact resistance jrer square inch divided by the area 
in square inches, and it must l>c borne in mind that the specific 
contuot resistange of the two portions need msl necessarily be 
precisely the sane,, bitt may depend upon file current density ; 
the latter may vary on the two sides of the dividing mira in relation 
to time, und if so the specific contact resistance may also have a 
teirqxiral variation. Hence if R k ’ and R t " arp the instantaneous 
sjxicific contact resist allies of the leading and trailing portions re¬ 
spectively, the loss of volts over tile contact with the leading sector is 

. i] , . • , ... . R h ". i, r 

amt over Hie contact with the trailing sector is Let 

*'' V II 

every ohmic, loss be now reckoned as rfcgative ; then by Kirchhoff's 
laws the algebraic snni^if all the H.M.b.’s acting round one short- 
circuited section must lx. zero. The internal resistance within the 
brush on the sector* may tic neglected entirely ill Comparison with 
the other resistances. T he complete equaliofi is therefore 


.'—j | /(/) - ri- r,. I, - r r . i, 



Thu two expressions bracketed together in the last term ol the 
above equal inti contain the* current densities j„' and s," in the 
leading and trailing sector Respectively, so that /hey may also be 
put in the form R k ‘. rt k ‘. s„", and it will be found that 
they are not without importance in the problem of commutation. 
The direction *( the fall of potential by the three last ternis entirely 
depcntls upon tho algebraic signs which i„ i,. and i are found to 
have, and'as these are determined in relation to the short cirouit 
' and not to the external circuit, so also are the (xitential drops. 

The atsjve' equation in its genefal form is necessarily true of each 
and ev^ry coil at any point of time* difting stf^rt-circuit, but will 
agpin take certain special lortnk under particular conditions. When; 
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as usual with carbon brushes. 6, - ft„ > 2ft and several coils are 
simultaneously short-circuited by each set of brushes, there are 
three stages of thg process— t • 

(I) At the beginning of short-circuit between f — 0 and t = 7V, 

the leading sector 1 is entirely under the brush and the trailing 
sector is gradually passing under the brush ; the areas ol the seelors 
wffich are civrred "by, the hrusli are then FJ --^practically 1,6 
where 1, = the joint length of a set of brashes measured parallel to 

I t • t , 

the axis of rotation, and FJ “ ‘ *’»• where 

1- is the total area ol contact of one set of brushes. 


(2j Next from t T ^to I => T 


■H) 


both the leading and 


the trailing sectors are completely covered by the brush, and both 
areas FJ and T\" - l t b. 

, • J b\ 

(14) I'uuilly towards the end of sli*rt-circuit from t 7 1 - — J 

to i in T, there is a stage when the leading sector is emerging from 

under the brush, and FJ ■- . - , uiffl FJ' I„b, 


When ft, - ft„ - ; 2ft hut is '• b. the intermedia ie stage disappears. 

Finally, when ft, - b m ft, the area of contact between hrysli an<^ 
leading sector continuously diminishes as the area ol contact 
with the trailing sector continuously increases. The diminution 
and increase proceed simultaneously and in correlative- degree, 

* T t t 

so that FJ *•- F„ . and I- J' - F„ Furtlier, in relation to 

the single coil ol Fig. T4t>, T is then - - - J and i" - J, so tliat 
I, i j J ami i, i i -‘J . 

I 6. The ideal case of linear commutation. The ideal case of 
commutation may lx- regarded as that in which the varying current 
i when plotted in relation to time yields an inclined straight line 
passing from the full normal value (- J to the reversed value / 
with a constant rate of change -2JiT (Fig. 1447), eo that its 
instantaneous vaftic at any time I is , 


i. • * 

VVJicn this is the case, it-also follows that sj is always — C JjF m and 
s," = -2/(/■„, where F % is the total area of contact of one set of* 
brushes. The signs of the current densities a*e then font different 
in relation to the sjfort cir*uit« hut their numerical values a* e<|ual, 
^nd in eastf case this is equal to the aiu:trial current density s, if 
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the current 2 } passed uniformly tlirough the area f The character¬ 
istic feature of such comnvttation is then that the current deifcity 
over the, brush face is throughout constant and uniform at its 
normal juiluc. ’ The specific citotact resistances R„’ and K t " w«s< 



Aoijwrca * 

pur sq. inch 



therefore, he alike ami e<pial \tf the normal specific resistance R t , 
and the difference of potential ktwnii the hrtish and the sectors 
when plotted jn relation to timo'ykTds a straight line similar to 
that of Ilia runout density as shewn at the foot of I'ig. 347. In 
consequence the two expressions in the bfacket of equation (179) 
“cancel out, showing (hat the' normal brush contact resistance 
A 1 , = Aalthough affecting the total voltage of the machine, 
has inrtier these conditions no effect 'whatever the process of 
commutation. < • ‘ < <■ 
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Further, ihj watt density is uniform, and the loss of watts over 
the Vush contact resistance has its minimum value.' 

| 7, Th* rerwaipg field required for linear cotnumtatioa -When 
there are several coils simultaneousfy short-circuited, let i» still be 
assumed that in each case the change of current from J to - J 
is a linear function of the time, so that the rate of change, not only 
in coils <4, B and Ii t , but also in coils .-1 . . . and coils 

B,*B n . . . etc., is'constant and throughout the same in each 
■~-2 JIT. Then the fe.M.l r . from the mutual inductance with 
the coils simultaneously short-circuited is simply additive to ttie 
inductance of the ■considered coil A , ami a • 






{ ' -I £■*)? 


Assuming v //to he constant, it is now of interest to consider 
what must tw the value of the external impressed li.M.R as a func¬ 
tion of the time which will produce such a straight-line change of 
current; this, which may M regarded as the correct value, will 
he symbolized as f[t) r It has already heejt shown that in such a 
ease the two last terms of (1711) cancel out. W hen several sectors 
are covered by the brush there are three stages, as explained in 
5 5, ami correspontlinjf to the different valid's of the brush contact 
areas with the leading and trailing sectors, the current in tin; fending 
and trailing commutator connectors respectively will lx; first 

, b t b h I*~ l 

2J .--and 2/.... then 2 J . anil 2J ■ . and lastly 2J . -... and 

P| i r j ft j / 

fl • 


The current i in the 
(r.>m eiptalion (179) • 

(I) between t 0 a 


coil is now throughout 


••!./(' j)-Th 


l uVj 


21 /1 f*t I ’I 

( /: tj V ,,) 4 n /(/), , . y .1 . r, 2J . It,. 2 J r 0 

. b ’ ( h\ 

(2) from t js r. v- io l ■■ 7 I 1 1, in the same way as above 

■e find *> \ . . 





( 
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(3) from 1. 




j.V^+'lr*) 


+ r 


[rK)]l 


Cnrnrs]mnding, therefore, to the throe stages, the reversing field 
should have llinec portions of different slo[)c (Fig. 348). 

■ From tlie initial and final values of namely— o 

• • 




; ' -|- x. // r b ) 

A.'S+S.tr R) 


VWt-o 

• 

■ ‘2] j 


- iJ \ . T 2| 


B 

■«i 

; if + ■ V/ r b) 

* (x+r#, 

«) 

til), T " 


'■-v|. r-+ 

2 ! 



l-Ui. ;MR• Ititnisiiif' IvM.t*. rctjlhriil lor 
liiu.ir commit lotion. 


we obtain an average expression with uniform slo]ie, as shown by the 
(lotted line (big. 348), lor which the equation is 


/(')«- 




(180) 


> where H r [ 2r,.' 

"i 

This holds stridty when A,- : . 2i, and the intermediate stage 

disappears. 

If the brush width is les^ihan or cipml to that of a sector, or 
A ( - b„ b, the currents in. the leading and trailing commutator 

connectors become respectively 2/ J, and - 2J . j ,; the same 

equation then,results, save that wle have . /> instead of X, A, and 
R is t -|- 2r,. ,, » 


'IJ ( 


-1-2.’./?) 

T 


is evidently theaverage value of the E.M.F, ffom 


self and .mutual inductance, .or flic constant instantaneous value 
which results when the commutation t> actually ptgformed uniformly; 
it may therefore l>c called the "inductive voltage " as .apposed te 
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the ohmic voltage JR. The density of the main field from the field 
excitation or df the reversing field fronv commutating poles, with 
allowance for all the reacting ampere-tums of the armature save 
those of the coils actually undergoing short-circuit, ought i hen to 
rise in an inclined straight line by an amount proportional to JR 
Tlie sign of the correct commutating field at the lieginning of short- 
circuit may require to be cither positive or negative, according as 


... •„ + 

y- is greater or less lluyi-jr-— 


; usually -jj is th* lesser quan¬ 


tity, so that the impressed field density must he'throughout negative 
or reversing. At the beginning it balances the dtfjf retire ln-ttwecn 
the inductile and uhtflic voltages, and at the cud it balances their 


sum. • 

The above assumes that X. rf is constant for any one mil, 
and therefore that it ^ the same for each coil which is simultaneously 
short-circuited. This assumption is not strictly correct, tsqiecially 
in the case of toothed armatures with several coil-sides in each slot, 
when the short-circuit curves cannot be cxin tly alike owing to the 
different positions of the coil-sides relatively to the commutator 
sectors. Hut the curve of lluscommutating field must in any case 
lie smooth, and cannot have abrupt changes of inclination, so that 
only an average adjustment of it is possible. A more correct shape 
for it in the case of a number of sectors simultaneously short-circuited 
can be theoretii ally ihduced, but its closer determination is not 
of practical value owing to the many secondary effects from firqier- ' 
feet brush contact, oscillation of (lie field, etc., that enter into the 
problem, The equation (ISO) and the value of the correct reversing 
detisrly B rf for the resultant field which can be thence deduced arc. 
However, suttirieiilly accurate to lx of value as guides in practical 
••work. 

| 8. The importance of the case of linear commutation. -When 
the complexity of all the muiuTofts secondary effects ate Igirne in 
mind, to secure such an absolutely exact balance hetwern fU) r 
and the ituhn live and ohmic voltages that the nit o nt docs actually 
follow a straight-line law of change could only be the rarest of 
^ accidents. It may therefore be askeik whet her the case of linear 
change, although ijrally the liest for coffmuilation, deserves sjaxial 
consideration Iron*a practical point of view The answer is that 
in all cases when it i» not fulfilled tffe quantity R t ‘. s„’ ) R k ’. s w ’ 
conics into play, and it will fx-%u*d that this lias,the effect of 
checking ,any divergence from Jhc straight-line,),iw, although it 
, ma )4 be perhaps to only 3 small extjnt. * 

It is, however, evident that any such effect must depend on the 
law governing /<„ in relation to cirttent,density. * A digfi-ssion must 
therefore now be rq^de m cfrdr# to investigate the s|iecific cdhtact- 
rtsistance of‘brushes. This will lie considered from the point of 
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view of ordinary working conditions with constant current-density, 
as well as from the special ipoint of view of rapidly varying currtmt- 
densilies as a necessary preliminary to the question of how far 
the corrective effort mentioned alcove can l>c realised in practice, 
[n the latter conne\ion it will he found that a marked distinction 
Mists between metallic: brushes cil copper gauze or brass leaves 
iind those of carbon. 

■ j 9. The contact-resistance of copper brushes. The specific 

contael -nsistilnre of bfnshes jeer unit area of Ix-aring surface is 
’ affected iiiigencrul bytlse nirrctit-density, the pressure, the peripheral 
speed, of the commutator and the stale of its surface, and more 
esjiccially in Iheyasy nkcjirlMrtl brushes by the direction nf.the current 
and by the temperature of the working surfaces. The effects of these 
various conditions have Ueti investigated by a number of experi¬ 
menters, and es|Heially by I’rofessor Arnold, from whom the 
following results are mainly derived. 1 

While the true specific' resistance id the contact between brush and 
roniimitalccr when (lie fatter is stationary may la: taken to be a 
njllsl.ill I quantity, giving a drop of potential which Tiscs in a straight 
line with increasing current -densities, in all eases the actual Curve 
of the difIcTciue of potential when the commutator or slip-ring 
rotates bctuls over as flic Mirren I-density is increased, mure or less 
suddenly or gradually according to the itatuve of tin: material 
This shows that the apparent rout act-resistance on a rotating 
•surface progressively dec reases as the c urrent-density rises, and 
it is the value- «l the specific running contact-resistance, nr U t defined 
simply as the e|uoticnl of the loss id volts divided by the enrtent- 
ckmsily when lbe dvnamo is running, with wbidl alone we are con¬ 
cerned. the true speeifir contact resistance having lint little interest 
in practice, hurtlu-r. for a given pressure and current-density 
the sjvrilic-ec cul.iel-rrsisluiirc is always greater when the commutator 
or slip-r,iiig rotates than when they are at rest. 

Til king first the r.isn nf t*•f'f'cr brushes. it it found Hi.it with norma! brush 
pn'ssnivs iiiirl itmilp: urns nt suffai i‘ llir miilitct iwistdinv with a rotating 
vnirnmitalin tlrtTfw* hut sl.ovlv ufirr ii viltimt-dm^yof about 40 nriiivres 
{NT M|i|,uv itult is ■mil ^r.uktiiiUy tvi’nfrirs .ilumsl constant. It is 

1»riU' |UfaII y gidqvndi-ut uf \l\r ivnplit-r.il sprrd when mice this has pavas] 
a low vdinr, but I His result is of i.hiin 1 dependent iij'm the lompiu.'atur 
Sntliuc Iving siihNilli. .m«l its mriliir.^ fm* frmi vibrntii-n so that three is no 
uimH|)itti<liiiK vilu'iiliiiu set up in the* brush holders. Increase of tlir pressure 
tor any f;iiTn sjvrd liiini'i 1 viler contort .mil decreases tht* resistance. 

('olHiiiK to myiicne.d ilnla, with uop',vr brushes i\ density nf 40 amperes 
per sipiiiir inch i* alnmsi always exceeded, and 2lX> amprm per square inch 
may tv regarded ax'the maximum limit The peripheral spred ot the com¬ 
mutator is Mum tinu's as high an feel per minute, but preferably 
mil I'xconl -:Slk> ft. [tor intrude. and in ah a-vs the lower its,speed the better. 


i Fo car I* in brushes, * 1 - also rsjxVally l 1 . Hunter ltrown. " Carbon 
finishes.' Ji'iirn ) E E . Vi*l. 57. p. 193: ami Miles wllkef, 
ci/ 7>iiuWe> iti E{?\ trtatl .Mcft Amt;, pp. 30!2 $ ‘ * 
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In a good dynamo running under ordinary conditions the brush jsw*ss\ire 
should range fn*n 1| to 1J lb. per square inchut contact area; ilus may he 
touted by noting the pull required to lift the brush faun the commutator 
surface with a smal^ spring balance. Wven under ncirnu^ com Nth ms t!u- 
s]u*cihc contact-rrsistanco of copper bniihrs shows grvnt vanntioys ; on a 
slip ring it may fall as low as 0-0IJQ2 or on a cummin ;t tor l<i <HNH)7 ohm per 
S4]iiare inch, while, if file peruids of vibration of the conimuliUor and brush 
holder happen to coincide, it may Ik- as much as IMK>I?5 ohm jut square inch 
As an awrage value for It k may lie taken tHMJlrt, arid in no ca*e is it likely to 
■exceed U-U03 ohm per square inch. 

• • ’ 

§ 10. The contact-resistance ol carbon brjisbes under permanent, 
conditions. —The specific contact-resistance ol carbon brushes falls 
much more, rapidly with increasing current-density than that of 
copjier brushes, and,* after a medium current •density is frarhed, 
almost in inverse proportion thereto. The curve of fall of potential 
in relation to current-density therefore In-nils over fairly sharply 
and becomes nearly.flat. It resembles an equilateral hyperbola, 
lieromiilR asymptotic to a limiting value. The passage of the 
current between finish and collector thus (lifters radically from 
true metallic conduction. On a smooth Vlip-ring the curve for 
A/‘ after reaching a maximum may even slowly descend with 
increasing current-densities, showing that A' k is then decreasing 
faster than the current-density is rising.^ This phenomenon is 
closely involved with the pro[X-rly of earbon, hy which its resist¬ 
ivity falls as it fieeonu-s hotter. Owing to the negative temperature 
coefficient of the carls in, us the current-density is increased the 
expenditure of energy in heating the contact is checked ; and this 
effort ran only he eliminated by artificially maintaining the com¬ 
mutator at a constant tcmjxiralurc This ttue fail of resistance 
will* inereasingsTurrcnt-density is to he explained as mostly due to 
the small carbon particjgs which ate worn off tin: brushes, especially 
•under a high current-density, when a blackening of the commutator 
surface results. A more intimate rontact between brush and 

• ft 

commutator is obtained hy this wearing away of the ear lion, which 
proceeds rapidly when the brush is heated and, la-roming softer, 
disintegrates more rapidly. • 

Increase of the pressure lowers tin: contact-resistance, hut the true 
effect is again partially masked by the Ml that the increased fric tion 
loss Raises the temperature and assists in lowriing A' ,. Hut as soon 
as a pressure of a]lout 2 II> [ier square inch is reached there is little 
further improvement.'and the pressure that can lie advantageously 
employed is strictly limited by thelnechanicul friction and consequent 
healing that results. 

The alteration of the edbling powej, of the slip-ring or commutator 
is also a distusbing factor when the effect of different peripheral 
speeds is to be examined. 

A curve connecting specific con tact-resist an re with current- 
density should therefore presuppose fcifher that in every case the 
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passage of a given current was maintained long enough for its 
corresponding constant cendition of temperature to have Seen 
readied rvith some normal peripheral speed, or that some given 
tempera! 11 re sucl; as may bt found in practice is artificially 
maintained constant throughout. 

The lem]xrralure of the contact is thus a factor of the greatest 
importance, and Professor Arnold found marked differences in its 
effect between different varieties of carbon anihetween the positive 
and negative brushes. 1 Between temperatures of 20“ C. and 35 s C.., 
or say 7<f il' - . and 95 1’., there is no great change, but Ijeyond this 
|Kiint.there is as, a general rule a progressive and inure or less rapid 
fall, whialt is esp*friaIly-marked when the current Hows (r.yin carbon 
to metal, i.e. at the negative 1 trashes. at tentperattires of 

55“ C. (131 1 T.) and 75" t‘. (197" 1\) the contact-resistance and loss 
of jvitential at (he positive brushes with a current-density of 35 
amperes per square inch may be respectively only about 88 and 50 
[n r cent, of tin- value at 35" f.. while at the negative brushes they 
may Ixi only about 70•and 25 per cent. Efficient ventilation of 
the coininutatiir to keep it roof is therefore of great assistance in 
suppressing sparking, and this is amply home out by the well-known 
fact that machines which'wtieii cool run tpiite spaiklessly, yet may 
begin to give trouble w'lien they become hot after a prolonged run. 

M h|p' tempera litres the eontaet-resislanre at tin; anode brashes 
(negative brushes of adlyuatiui, positive «f gt motor) is. as a rule, 
greatot than at the ealliode lmislns (positive in a dynamo, negative 
in a inolor], but at high tempcralures tliis is often reversed, so 
that the curves intersect. The divergence Ixtcvoen -[ and - brushes 
may Is- as much as 50 per cent , but caries Tll'ic!^ with different 
ipialities and different teuijieraturis. * 

A. Maiiduit ’observed no not ieeaWediflerettrcs bet ween the voltage.. 
drop under 1 and - brushes, nor between the voltage limits at which 
sparking Ivg.in, but he found tli.tt as six in as appreciable sparking 
occurred while the sparks were drawn out lxyoiul the brash tip 
at the anode bry sites (negative of a dvnamo), they, as it were, 
retreated inwards under tlu"catbode Imtsltes (jxisilive in a dynamo ),* 
so as to Ix’cnme nearly imfsitile, and gave to the coinnmtatnr a 
characteristic black roitghdiied surface. In tips phenomeiton he 
finds the espl.mat ion of tlieStsu.il observation /hat sparking and 
hod commutation occurs smfncst and to a greater degree at 
than at l bipshrs in a dynamo)'although in reality the damage 

1 C’p A moli I on A I'litTncr, ,f»| L , I i ,-11 ar, Jem £ltktreltcSnisclun r lnsh1n1 tu 
/fm/.soijfx. Vi>t. 1. ]> ttOt i. ^ l 

» <>. Jmn. 1.8 K . Vet. 57. p. m *• 

* Rtrkfni 1/s Fr/i/rnxriiiiifrt rt Tkiimt/ws si/r la Commutation, p. 220. 

* Cp. Jouru. I l: F. Vnl. 57, p 210. tar son»exv(fx.t sinlitar phenomena 
observed m fetation to motor brtisWs, and the explanation tlicro put turward. 
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done to the f commutator is the same by either form of spark. 
The lengthening of the spark under high*inductancc uiilil if reached 
across a mica strip from sector to sector and thereupon Became of' 
white colour and destructive was observed with negative? brushes 
of Le Carbone’s former QS t type, although this type in itself was 
found to possess a special power of quenching a spark of small 
energy. 

The condition of tile metal rubbing surface lias conjidemtile effect. 
If it be newly polished, the con tact-resistance is low; as a he surface 
becomes oxidized, and acquires a brown skin, the resistance rises. 
But on the othci* hand, when blackened by the presence of small 
conducting particles of copper, the resist ;mr? falls. ’Though 
blackening ts to be avoided, a commutator should lie allowed to 
retain the dull brown colour which continuous running will produce 
in thh alisencc of sparking. An oily surface may more than double 
the resistance, esjxicially if the current-density lx: low, hut must 
be strictly avoided owing to the danger of carbonization by sparking. 
Paraffin wax, on the other hand, although in itself an insulator, 
when used sparingly and thoroughly spread on a warm commutator, 
has little or no effect on the Ibss of volts under average conditions ; 
it very much reduces tire friction and nois<i of the carbon brushes, 
and is therefore frequently used as the basis of commutator 
compounds. 1 • • 

The effect of s]iccd Bus Wen left to the heft on account of i^s great, 
importance, and in this connexion (he two cases of the smooth 
slip-ring and the commutator must be dearly distinguished. The 
former shows lower cord act-resistances which are practically inde- 
fx-ndent of thcxsfieed (although with some tendency to increase at 
higher sjiceds), and qpmspondingly higher current-densities arc 
permissible than in the commutator. The reason for the difference 
is to be found in the fact that, even with a commutator which may 
W regarded as practically smooth, carbon brushes are jxrMically 
subjected to momentary vibrations as they pass the mica strips 
dividing the sectors. The natural elasticity of 4 lie ropjier gauze 
bmsh suffices to take up the minute mechanical shocks, but the 
unyielding carbon brush is kept in a sfate of continuous vibration. 
In consequence the curve connectuw,tfie loss of pitential over the 
contact with the turrent-density docs not so quickly liccome flat 
in the case of the comfnutator as ip the case of the slip-ring. In the 
latter the potential difference between brush and ring, or R,. J, 
reaches aanaximum at which within wide limits of vurrcnf-density it 
remains nearly constant, and according to the nature of the material 
this constant k,ss is about 075 volt with hard carbons^ or 0-45 volt 
with very soft carbons of high conductivity. But on a conmjy tator 
the curves usually continue*to show a gradual increase with 
• 1 Prof. F. *G. Baily and Mr. Clegbomo, Jtntrn. Vol. 38. p 138. 

*—(*>«£) 
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increasing current-density, and /or the same varieties,of carbon, the 
figures would rise, say, tn Vs and I voit respectively. 

Hut the rcahdifferenre is ratlpr th at with the com mutator 2, 3, or 
even 4 volts bctwtrn brush and commutator are easily reached with 
sparking hardly, if at all, [lencpliblc, Die amount increasing as the 
s|Hs-d is increased and the pressure weakened. If the commutator 
surface is rough, or untrue, and the brush-holders are insufficiently 
damped, this effect is uvigniticd, and if at spate particular speed The 
.natural jxrjod of vibration of the brush-I ml dors coincides with the 
period of the shocks it reaches a maximum, and the loss of volts may 
lie fi firjnore («/>. ij29J. The same eilect imjy I'e imitated on the 
slip-ring by so wA'gHtiug the brush-holder as to produce resonance at 
the particular speed employed In practice it is grlferally found 
that the lighter the moving parts o! the finish-holders are, the better 
for all ordinary conditions of sjxrd. liven with the same peripheral 
speed, the higher the actual number of revolutions per minute the 
greater the likelihood of vibration, so that small high-speed machines 
are more liable togive troublutlian large machines with commutators 
of large diameter running at a low number of revolutions per 
minute. ' 

Thus a emitiuuous-nv rent dynamo with its nimmiit.’itoi may with 
hut little exaggeration lie said to run always with its carbon brushes 
In a slfigc not far* removed from incipient arcing'; owing to the 
,slight ,'ierciissioii of till* luush as the sectors* puss Ix'llcalll jts face, 
even when the coliiiiull.ilnr is practically ipiitc smooth and sparking 
is not iH’i'ccptihle, higher dilferetltcs of jxitrnlial are jsissihle than 
are loir,ul experimentally wilh slip-rings. 

With carbon brushes a pressure of 11 to 1J lb. per square inch 
should suffice, although at high peripheral speeds over 2tHMt feet per 
minute where there is vibration, it may Ixrnme necessary to increase 
it to 2 Hi. |x‘i< square inch, hoi; ]xiiphesti! sjxeds from JlXXt to 
21X10 left jut minute, and average values of the finish pressure from 
to 2 lb. |kt square inch, lug. 340 shows for hard and soft rartxin 
brushes the valor*ol thesprrilie contact-resistance wbiehroTTespond 
to gisxl conditions of working mt a smooth commutator without 
shirking. «The full line curves ]iresiippose that the running is 
maintained long enough for the,constant tetc]lire to Ik- reached 
that is pro|ier to the particular current-density' while the dotted 
curves indicate the etfect of a commutator which is maintained at 
one and the 1 same constant * temperature corresponding to the 
current-density at which the curve's cross., In the curves of lug. 349 
the values at the | and - bushes have been averaged, and it 
will be seen ( that fqr normal current-densities, suclf ns from 30 to 

1 [t V.i, Iss-n supers list that even w lie's till cnUectig'R is sparkless, it may 
in tart I*. prnmsUng by timiutnans at nigulUrirnt energy to U l visible to the 
eve tcp. In. M, Kalin, ^eIIis Yiy S7, p. 222), 
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40 a pi peres pty square inch, the specific contact-resistance under 
ordinary conditions of pressure andl,tenifvr;tture may lie taken iis 
varying between 0-00 and 0 015 ohm, pr on an average lor 30 amperes 
per square inch and hard carbon brushes. /?,. 0*03 ohm. * 

Ohms per square inch 



0 CO 2D 30 40 60 ACS 70 BO 40 

Amperes per sq.mcb 

hr. Ilk* <“‘2111,11 \ H sistJtIHV <<f t.l rlml) )ini 5 ||f‘l 

• • 


Vofti loci over two Mts 



Amperes pe^ iq.inch 


hjvi of volfs two srts» of c.;irbcji' bru.sh'H. • 

* • 

• 

In Fig 350 ate given curves of the loss of vol^s over two sets of 
brushes (t.r. positive and nyfjyve) for different kinds of carbon, 
and with an alJowanJfefor alnmt of length down the two curiums, 
tht commutator being assumed to have readied its final natural 
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state of temperature after^rolongcd running at each c#rrent-deqpity, 1 
They may therefore lx; used to determine the total drop of volts 
and loss of Watts over the brushes and commtitator so far as the 
current-density Is uniform over the contact area. 

Although the selection of the lx-st grade of carbon to suit given 
modi lions of voltage, current-density, and speed is to some extent a 
plotter of ex|x-rience jinxecding by trial and error, yet it may be 
said that fo» voltages.of 250 unit upwards the coarser and harder 
(non-graflhitic) varieties, such as Battersea carbon l.ink A or Link 

or Lc Carbone /■' or S, with densities of 30 to 40 a injures per square 
inri), iij generative gpod results. With the admixture of increasing 
|x:rcentagi:s of graphite, the brush becomes softer irlTi more con¬ 
ductive, but its contact-resistance is lessened. With*low voltages, 
favourable eondilious, and in cases whcTe it is imperative to shorten 
the commutator ns much as possible, bard graphitic brushes, such as 
Battersea carbon Link II, Morganite Link I. hard Morganite Link 
IIM’A, or l.e Carbone [W are In (juriil ly used with c urrent-densities 
up to f>S ani|savH per siputtu inch. Hie fltvlrograpliilir EC series 
of Die Morgan Cnieibh; Co, and l.e Carbone .V. A'(», and X grades 
are artificially giupliiti/c-d by lieing baked in an electric furnace, 
and an; also used for SCI to 65 ainjiercs js r sejuare inch. Other 
graphitic brushes, such as the- /,/■'(' series of Lc; Carhotic, are again 
wjfler, ami as the content of graphite is increased, wc approach 
uatuial graphite. The thermal conduc tivity of graphite [whether 
natural or artilieial) is higher than that of carbon, and in this 
resjiect the graphitic blush is at ail advantage, inasmuch as it can 
rollddrt away more quickly the heat devclopi-d by any Unequal 
current-density which is highly localized, hcToreMlu; tempeftiture 
readies the; glowing point and disintegration begins. * But the 

1 The intcnjutlicit'’ turves fur Mif( eWlm^raphitii: tinislirs of I,i' {'iirUme 
X quality ;m* iKtiviiI from Prof. Iluly ?lirl Mr. W. S. II. riefjhnme'x 

<'X|Vniiiciils {Jmuvh. I,fi.fi., fi\\ til.). who < let I tired .in ait equation /or the |o.m 
of volla over two -x-ls of Ivnishrx, jmsitivr and ni'^ilivc, expressing closely 
tlic gliaf** of tile ivrws ami lhe Hfeci of different pressures 
, p . (amlvnti ]rr s«|. inch)*'** 

*'■* ' * I i ii-t«v'f 
whore p is tlu* [>rcsMiiv in ll>. fjer square inch. 

[Hwti'ti 2U itl fifi iuq|tf'nii f per St|iiiiri' inch, flit* loss of volts over 
positive ,nitl Ticyatm' hrmshoH lutortlini; In the SuctfdtJa. 1 l'arl>oiH a {quoted by 
J, <ie fn < rtuy^Je taken approximately as 

- U*16 t v for their braqd £VC t 

* t-r 0-06t>\/^ 4 . „ (’(r-t (carbon mixed with iiinpcrf 

while forMow current densities * 

2Jf| - &ms u for U C % 
y i)-vms M 4 . 

Siwh expressions are sometimes useful,forjlctailed calculations, even though 
only approximale. $ 

r 

• 1’. Hunter hrown, Joitrn, iVul. 57, p. 196, 
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Miftor graphitic brushes with a low friction coefficient disintegrate 
more*readily, Blacken the commutator, »»l in proportion to thisr 
increased conductivity op|>ose less contact-resistance > to syurking ; 
further, they should not be used wfien several sectors ar» to tie 
covered by the brush simultaneously. They may therefore tie 
regarded as intermediate between vnp]H-r and the harder varieties 
of cartxin which suppress sparking more thoroughly. 

Vnrious typui of Implies have also been brought out. in whirl)‘tin* 
high conductivity of <‘o}>|XT has Imlt combined walk the high 
contact-resistance of the carbon brush to a ihiwi: or IcSs extent, 
by mixing carbotuand copper in various ]iro|xirty.ms as nv the 
CoplHT-Mor^inite Link CM series, and the #H» gni .1/f' guides of 
I,e Carbone, •The latter are (inly suitable for the most favourable 
conditions of very low voltage, or oil slip-rings, where cunitimla- 
tion <Ues not enter into I he problem and current-densities of ISO 
.mijiercs ]ht square inch or over are required. 

§ 11. The contact-resistance of carbon brushes under rapidly 
varying currents.- -So far the Hin t of various eiureiil densities 
permanently maintained has alone Ucii considered at length. Hut 
timing the running of a dynamo or motor the carbon brushes are 
subjected to a very rapid sec|llrllre of varying current-densities in the 
(lilfen-nt portions of their surface the sequence being contiimally 
rejieafed as the sectors pass under and awav froiUtllle brushes. The 
(■fleet of rapidly varying •uncut-deusitii supoistlie contact resistance 
requires, therefore, t<. lie considered, and this has been invrsliJSatrd 
by passing a jierindic alternating or a pulsating < uncut through the 
brush into a rotating ring ; the suinillnncnlli inoiuelitaiy vajjws'of 
current and voltage across the contact-surface arc then obtained, 
so as to determine ciyrescinding values of the instantaneous 
•iiirreiit-density, and of the specific contact resistance. The curves 
so obtained do not repeal the full-line curves of big 348 for Inng- 
cjniiimied current-densities, hut as might tie cxjsrtwl rivniblc 
the dotted curves. l or a given virtual i itnrnl density the resist¬ 
ance when the current falls to lowrr values is lows * Ilian for similar 
Constant current-densities, owing to the car lain being really at a 
^higher tnu|ier»turc than would rorreWsuid to them, while for 
instantaneous dciu-ilics above the virtual value the resistance is 
higher than for similar constant cUrrent densities owing to the 
carbon being rooler. • hurt her, the‘experiments of I)r. Kahn 
and Professor Arnold have showtT that the curves iij relation to 
instantaneous cur rent-density intersect the curves for permanent 
current-densities at the point of the virtual current-density in the 
alternating cas*» i.e. where the sipiarc root of the mean square 
of the instantaneous current-densities is equal to the continuous 
curren t -densi (y Tho virt ua)4-iuf >- nt -densi ty or H. M. S. value inVks, 
in .fact, the point of equal I,eating effc*t over the contact area in 
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the two cases. The curves are also independent of the periodicity, 
so long as this is high. • • 

| 12.* The, general effect of the current-dpwity and contact 
resistance.- We rrc now in a position to revert to the consideration of 
the effect of R k ' s,,’ \ R k ". s/ in equation (179). It is evident that 
if a true physical law could lx- formulated to express the connexion 
In-tween R k and s„. a tnmilier of interesting mathematical deductions 
ftuilil he made from tile differential equations of-(179). Usfor- 
lillialely jio such delimte law holds in practice. Thus for different 
riirrcnt-dhnsities permanently maintained, R k is not a constant; 
witleliie i urtimjitalorartilii ially maintained throughout at a constant 
tcmpcditure ittn.iy IV rejMesented approximately ovefcsome range 
hy an equation of the form 

a > 
li t ■- ) b 

*U 

where a and 6 are constants, and the curve is a rectangular hy|H-rbohi. 
The loss of volls would tiu-u lie R t . s B « | b . * B , i.e., it would 
rise as au inclined straight line. Hut it is evident that any such 
law cannot lx- pressed very far, since the curve ol loss of volts does 
not cut the vertical axis lull passes through the origin; again at 
very high cut rent-densities it does not progressively increase, and 
R k does not lieeome constant hut still continues to fall. Tims it 
is more neatly true to sav that the curve n t the drop in volts T\ in 
relation to current density is an equilateral hyjierbola 1 approaching 
asymptotically to a maximum value with a law E b - 

,' ., s 1( 

where c is the current-density for which - 1 
s„ I c « » 

It can, howvvcr, in general ht- said I !yi t with carbon brushes 
when the current density is increased the contact-resistance does* 
not fall quite.in inverse proportion, so tlpit oil the whole the drop 
in volts with a higher current-density is greater than with a lower 
current-density, yet on the other hand that the contact-resistance 
does lull very rapidly so tlpil the curve of the drop in volts gradually 
approaches a limiting maximum. 

1 tearing m mind tin- firtt of these generalities, let tile simplest 
case Is' eonsidered, when t b m ; h and only one section is short - 
eireuited. and let the eurrent-cfinuge diverge Iron) the straight line. 

j 13. Divergence from linear commutation. The eases of 
divergence from a uniform rate 'of commutation may be grouped 
umfer four principal kinds. * , 

(1) Ketarded commutation, yielding a curve which when plotted 
as in Tig. 351 from a starting-point of -|- J is on ttie whole 
convex*. • ' 

1 A. Mamliiit. Unktr*'kfs tt Thcjri^irs 5io/a Cvmmulatton, 

|V 2tW. ' < 
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Suppose that at some time I seconds from the commencement of 
short-circuit the current ill the coil ho* not fallen by its correct 
amount proportional to /, then the current-density in th* leading 
sector s,'— iJTJ** greater than that in the trailing secfpr s,” . 

The former is positive, and the latter is negative; for 
simplicity's sake it is best to regard the densities in themselves as 
having no sign, since we are not here dealing with them as continu¬ 
ously varying quantities. and tu add their signs when required 
lienee the expression hi tile bracket of fqlialion "(179) W-romcs 
KT ■ T*.■>„*. Since tile sjtrcitu contact-resistance* of carhoif 

brushes docs not tgiry so much as in inverse proportion lot he current 
density, there results a positive dilfennct^ illegal! of potential 
lietween seizor 1 and the hrush tie being greater than that la 1 tween 


Atupeffs Arapcre» 

+J * +J 



sector 2 and tin: rest oft lie brush Tlicilillerwire of potential which 
tlienee arises ft sj A**". *.') is llms a Mrgrt/itr KMb. 

in rel.tlion to the short circuit or Vis round the circuit in tjie nega¬ 
tive direction against (lie old current, tending to reduce its value : 
e g. in big. H4(S the KMb in question which i* solely due to the 
unequal eurre-ut densities in the two portions cjf the brusli would 
be directed from l> to ( through lltewoil HA. 

Thus the unequal hrush eonl.ict-rfsislanie aits as an outlet 
through whic h th« stored energy n ft? expend itself in heating not 
only the roil, but also the ccuiimutatfir surface ; while after reversal 
of i it is the means hy which tin* energy that has ( 0 , 111 : re-stored is 
derived {pom the electrical out pat of the rest of llje winding, f*ir this 
voltage of the extcmaP circuit is* during this stage temporarily 
lowered. 

(2) Accelerated commit tat ion, giving a rnnr*ve curve (|?ig. 352). 
In this case the qprrcnt in the short-circuited coil is ton Quickly 
reduced, and the density in the leadingcicclnr is less than that in the 
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trailing sector. In relation to the short circuit the former is positive 
anil the latter* negative, so that the expression within \he bracket is 
. again R( R k ". s/, but as opposed to the former case yields 
a negative diffcrcpce. The restating difference of potential &p = 
• (R k '. ■ K k . *„') is therefore a positive E.M.F. checking the fall 

of the old current and op|>osmg the rise of the reverse current. 

(3) If the current is at first actually increased in its original direc¬ 
tion above \-J (fig. 353), the current-density in the trailingsectonso 
long as this is fue case Meomcs [lositive as Well as that in the leading 
'sector; i to oilier words, the excess current actually flows through 
the bluish from emit side to the other and round the short-circuit. 
The tw<j<cxprcssiH!Ui imllie bracket have now therefore ty.lic added, 



Klrt. 353- IncrriiS)' of lUTWht 
in ori^in-d direct inn. 


Anpnir 



and it is : \p ■■■ - (R*\ s.' ( A* t ". .«.*), which acts negatively to limit 
' the shori-circuit current and to llring it back again to its correct 
amount proportional to t. 

(4) If the current towards the end of the |icriod of commutation 
is oivr-rci iT.vv/ to a value above - J (Tig, 354). x u ' itself lirromes 
negative as well as s„', and tit is again the sum of the two which 
is effective,* their corrective difference of potential lioing ip ~ 
( Ek • ! J - anti ‘thcrelore positive or cliccking the 

over-reversal. 

Combinatioys of the above. Wiling cases arc also of frequent 
occur!ence,' the cyrve of i crossing the inclined straight line of 
uniform commutation. In generators the tase is often met witlv in 
’ which the commutation is much retarded at first, and is then 
followed, by 1 nver-rCeers.il, due to the coil moving through too 
strong*,! reversing field. * • ^ 

Thus if there 1* any divergence from proportionality between the 
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change of current and the time, in every case whether ot excess 
or cMciency, over- or under-re versa!, the effect of the-iri^A conlact- 
tahiance is to keqp the current in cadi sector more nearly propor- . 
liojial to the area of contact, and*so to assist,in promoting tlie 
straight-line change which corresponds to a uniform current density. 

$ 14, The amount of the corrective action.— The next question 
is. To what extent ran the corrective action from the Imish contact- 
resistance )>e*actualfy relied u]mn in practice? That is to'say, 
up to what limits ran the voltage drop liettvcen lirufli and commu¬ 
tator rise without sparking, when the ronhirthesislaiiiv 3-, checking 
divergence of the short-circuit current t front the straight-line value ? 

With cajhon brushes it has already Itccieslpivft that the value 
of ]{ t , s u approaches a maximum value, and this value may lie set 
at about I volt for soft rarlntn to 1 -5 volts or perliajts 1 volts for 
hard* carbons. 1 A^ soon as such values are reached, the true 
contact-resistance is lost, and a spark is on (lie point of birth. 

With metallic brushes there is not so definitely a maximum 
value for lt k . s ul but sparking liegins at iiUnit 0-4 volts, 

Hence fur the purpose of taking up any diflcvciue In-In eon (he 
actual reversing field and the correct field required togivea straight- 
line change ending at the final lliomenl with t ' - /, the ellective- 
ness of carbon brushes is at least four limes that of cupper gauze 
or brass brushes. , , 

With the latter, as die armature current varies and in the absence 
of commutating poles, (be brushes must he shifted ill order that tilth' 
reversing field may lie very closely of the light strength to keep 
the current-density uni form, and the corrective action of thr a feMtact 
resistance can <*nly be relied on to prevent sparking when tin: brushes 
are but little removed from the natural position of exact reversal. 
The proper setting is found in practice by shifting the rocking bar 
slightly backwards and forwards until a position is observable on 
either side of which the sparking Incomes greater. In gll cases, 
therefore, where the fluctuations of load are large and rapid, recourse 
must be had to carbon brushes. Hut even a cat! ion brush cannot 
he counted on to rope with more than about I S volts divergence 
without sparking, sinre Ii t ’. s.” must itself have some appreciable 
value. . 

| 16. Comparison o! metallic atiB*cariion bnuhe*. 'Hie advan¬ 
tage of carbon over'metallic brushls is in fact closely related to 
the normal loss of volts whirhAcoirs with the twp tyjx-s under 
ideal copditions when eoninuftaling perfectly,wilh a constant 
current-density 2///•„. ‘With copper brushes it is not practicable 
to employ a higher normal current-density than about 175 to 200 
amperes per sq. inch, and R t , as lie fore stated, may be Reckoned 
on the average at -- 00916 *ohm per sq. inch. The maximum 
* 1 A. Mauflait, he. (it., p, 283. 
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normal loss of pressure over one set of brushes is therefore about 
0 0016 X 190,= 0 3 volt, </r 0-6 volt over the I wo sets of oppssite 
sign, ant) in practice the loss is more often 0-5 volt or lower owing 
to the current-‘density being lesre 

The necessity lor limiting tile norma! current-density in carbon 
brushes to such an amount as to leave a considerable margin to 
meet actual inequality of tin: density has led in practice to the 
adoption with hard carbon brushes of a normal value,pot exceeding 
some 35 to 4k ampere* per square inch.- A high local eurrent- 
vleiisity, c\Vn llioiigh*not accompanied by sparking, will cause the 
brush., (vrluqis locally, to become red-hot or to glow, its resistance 
falls, wlijcli incr'^srs l^i troulrlc, and disintegration of the material 
ensues. Assuming the s|x'< ili< contact resistance at, the above 
limiting density to be u-(Ki ohm, the normal loss of pressure 
over the two sets of brushes is from 2 to 2-2 volts. Comparison ol 
Ibis loss with that lor roj>|HT brushes gives a rough measure of the 
degree of the practical superiority of the carbon brush from the 
]xiinl of view of suppressing sparking, and it also shows that it 
is necessarily purchased at Mir expense ol the efficiency of the 
machine. Such sacrifice is, however,,but small as comparer] with 
the advantage that carbon offers ; although this material may not 
enable the brushes to lie retained on the line ol symmetry, yet with 
it an intermediate angle of lead can lie found between the best 
possible positions fur aero and full-toad, suc|> that neither the too 
vapid reversal in the first case nor the insufficient reversing field 
in the second case will cause an excessive current-density and over- 
heatiiuj or serious sparking. The brushes can then tx: retained in 
this position through alt changes of load (xirliaps up to an overload 
of Ik) |n>r cent. 

Furthermore, the great advantage ol the carbon brush is that. . 
luring nun-metallic, if some sparking does take place it does not 
become fused at the (ip and adhereHo the suffacc of the commutator. 
Ily reason of its physical nature, carbon is able to quench the spark 
quickly, so long as (he I rowel" esqx'llllcd in the spark dix-s not exceed 
a few watts, and little harm “is (lien done to the commutator. 

With Imv-voltage ninrhintfi for large currents, a softer earbon 
may advantageously be etuploved, and the normal current-density 
raised to 5(1 amperes per squab'<iuch with a consequent decrease in 
the necessary size of commutator (i ft. $ 101 The same also applies 
to the case of dynamos lilted with ^rmmutating jxilcs, which supply 
a reversing,tirfd nearlv proportioned to the load. 

1 16. Tte external reversing field without commutating poles, 

. It has above been shown llul even ca,l>on bmsljys cannot be 
expected,by dheir <xvn unaided action to effect the commutation 
of current-turns with considerable i.idvctancc without sparking, 
but must be assisted by an ^external impressed lv.M.F! to balance, 
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at least partially the self- and mutually-induced H.M.K.; further, 
it has bcen^hown that with metallic brushes the balance must tie 
much mare nearly exact than with carbon brushes , 

The two methods of producing /(() whirhjiutc Ik-oji already 
mentioned in 5 5 must therefore now lie more fully described, and 
first that which is due to movement through tin’ fringe of lines in 
the interpolar gap in the absence of special (commutating) poles. 

• If the reader refers to any diagram, such as Fig 84 or Ul5. it pill 
tie evident that the c.vfitl position relatively to the*polcs wliieh the 
loops or coils of the winding occupy, at the time, wlfeit they are 
short-circuited, depends upon the (Nisilion ol the tips of lliej'rushcs 
as they yst ujxin the coinijuitalor. and dial t^s position of the 
short-circuited roil can lie altered if the brushes are shifted slightly 
backwards or forwards round the circle of the eiiimiintator sectors. 

U in l'ig. 348 the hmsltes are shifted backwards away from the, 
line of symmetry "or against the direction of rotation, the loops 
at the commencement of their short-circuit will he moving through 
the fringe of the trailing pole-tip ; hence ;ut F.MT. is set up to them 
in the original direction of the current prior to passage under the 
brushes. The initial value,of the impressed li M.I’. /(/), or /.„, is 
thus jxwitivc ; although, as rotation continues, it falls and eventually. 
if sliurt-cireuit lasts long enough, will*!*' reversed, yet at till: 
outset at least the commutation will lie retarded a.> in Fig. 351 
(case 1). If the auitlr of trail of the brushes and the initial T„ tier 
large, it may even raise the amperes whit'll the i oil is carrying allow* 
the normal current bring carried by the other armature roils (rase 3, 
Fig. 353). In either case it will largely increase the ditliyjity of 
r< 4 iiiniiitati<in a by causing an excessive current-density in the heel 
of the brush, and, if short-circuit ends with the coil Still behind the 
neutral line of zero field, in the toe, so that the whole work of 
reversal will he thrown on to the electrical action of the brush 
contact-resistance. Sparking it ill tlu-n ensue between the trailing, 
edge of the sector which lias just emerged from under the brush 
and the tip of the brush itself. Thus the consequence if short- 
circuit ends while the coil is still mining on the trailing side of the 
line of symmetry is in general destructive spalling, so that any 
angle of trail is far as generators are concerned ijuiteSnadmissible. 

If the brushes are brought inlfjlaud a jmsition that they have 
neither trail nor lend, the dininett-r of commutation will coincide 
with the neutral line at no-lojfl, !/ut when current is taken out of 
the anpature the cross flux f*im the armature amporc-tusps will, 
ap explained in t haptcl XIX, have the same sign as (lie flux under 
the trailmg,poJe-tip The short-circuited loops will therefore stilL 
lie moving in a field of the wrtmg .sign, the*resulti«it ljeutral line 
having moved fiyward. • • . • 

But npA’ if the brushes arc so Igr advanced that short-circuit 
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does not end until f(t) has income negative, there will be; a reversing 
li.M.F. acting on the coil anrkassisting in the production of a currdht 
in it, tin? same iij direction ns that which the coil will be called upon 
to carry an soon a* it emerges fft>m under the brush. The case is 
t illustrated by Figs, lfll or 105, where the coil-sidcs short-circuited 
by a brush are slightly in advance of the intcrpolar lines of sym¬ 
metry, and an: assumed to be just moving in the fringe of lines 
from ,t leading pole-edge when short-circuit ends. Kven if tht 
li.M.F. impress^! by the external field in the required new direction 
dhes not suffice by itsdlf to raise the current to equality with the 
normalcurrent of the other coils, yd much will'have been done 
to prevent the rim of the current-density, in Uny [Xirtifu of the 
brush and at any lime during short-circuit, from reaching an 
excessive amount. 

• When the external held liecomes negative or reversing while dlie 
current in the: short-circuited coil is still in its original direction, the 
li.M.F. /(f) is in the opposite direction to the current, and the roil 
is it sell driving the armature forward as in a motor. We thus have 
at once a ready means by wbiefi (be bulk of the initial stored energy 
which has to Ik: dissipated may lx: rimvenienlty absorbed in the 
(non of mechanical work instead of as heal and with any degree of 
rapidity. When the current has liern reversed, tin: prime mover 
ex[n-iuls mechanical energy with equal rapidity depending upon 
the value of the reversing field, and this uppmrs not only as heat 
in the chit but also as stored electm-magnetic energy. 

5 17. The necessity (or an angle of lead in the non-commotating- 
pole naejiine. Tims to supplement the corrective action of the 
varying brnsh-eolitacl area, the luaMies must he given a forward 
Itad in the direction of rotation, and further the amount of 
this lead (Jt, in electrical degrees) must lie surli as to cause the 
diameter of commutation to overtake and pass the neutral line 

• where tin; resultant dux changes 'its direction relatively to the 

armature surface. How this is effected Inis already lieen described 
in Chapter XIX, etui of § 7. but it may here he added that it is 
secured more rapidly in the compound-wound than in the shnnt- 
womul machine, since in the dormer additional ampere-turns are 
provided I>y) lie field winding as the armature current increases, 
which take effect on the ah-gapMnd assist in m.hntaining a dis¬ 
tribution of llux more nearly resembling that which holds on 
no-load. 1 . ‘t 

Out in both the .com] xi und-wound and shunt-wound dynamo, 
if the total effect of/(/) is to It* exactly proportioned to the armatuv: 
> urrent that lias to lx: rommnteil. it is evident that dhe angle of 
lead must lx: varied in accordance with the variations of the load. 

- * t 

1 For the cflrcts from mi king tho lirutuhi’s. cf> Mtlrs Walfccr, Diagxosi*g 
of Troubles in l.lfdnml .l/oiAfn/v, 253-265. 
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f 18. Digadvantagei ol a large angle ot lead.—^With -a large 
an^le of lead the demagnetizing turns it f the armature increase the 
necessary weighted copper on the field, and in the ciyse ol ®>niponttd' 
wound machines, as explained in 'Chapter XVU, tj 20. tender the 
regulation for constant potential less perfect than it would otherwise 
be. In an extreme case, if the diameter of commutation has to lx- 
advanced much beyond the neutral line in order to leach the requisite 
strength of feversirtg field, the machine further Ix-comcs inefficient 
as a generator of I'-.Jf.l 7 ., since some of f lie active conductors are 
then inducing a hack K.M.F. Such disad{ant ages are, linwevrf. 
of but small moment. The real objection to an angle of dead so 
great as 4c bring tfie diameter of enmmutatum«ip to the leading 
pole-tips lies in the steepness of the gradient of the flux density 
near to the pole-tip This implies that small movements of the 
brushes or small a rhnngtts in the annul me ampere turns will 
produce great variations of the reversing KM.I’. much more so 
than Vlien the angle of lead is small and the coils are short-circuited 
near the middle of tlie interpulur g;y>. Hein e, not only must the 
brushes then Is: very accurately situated to suit tin- exact load on 
the armature ; but even when they can be so placed as to secure 
entirely spark less collection for each value of the load, they become 
very sensitive to small changes of load, a slight attention in the 
armature current materially altering the distribution of,tin field 
near the pole-tip. H the output fluctuates between wide limits 
as in practice is often the case ---continuous attention niay'lx-cunfir 
necessary, and even then it may not tx- |xissibh- to shift the brushes 
quickly enough to meet rapid fluctuations. The greater Jla^xmglc 
oWlcad at fulUoad, the greater is the pereetilagi- inaccuracy of tin- 
adjustment under varying load, and the more forcibly docs the 
objection apply. It is therefore of the greatest importance to keep 
the angle of lead wiltqn small limits, and. tf (His-able, to secure a 
fixed position of the Imislles for all loads, so that no appnrtiiblr 
s]>arking results, however widely and rapidlv the load may vary. 
To attain this in the absence of sjx-i"ial {rniniinitating) poles, the 
utmost use must be made of the action of the brush contact- 
resistance to correct either under-nwcrsal or over-reversal. 

If the bruslies»Lre so lar advanced tfiat the reversing Jield becomes 
too strong, cases (2) and (4) of adA-rfasl commutation and over¬ 
reversal (l-'igs. 352 ;tnd 3S4) arise. * Hut since it is, as shown above, 
of great importance to minimi*; the angle of lend :rj far as possible, 
such cases are at once rcmcdieifto generators at fyII-load by adopting 
a»lesser angle of lead. They arjj not therefore of stfrh frequent 
occurrence, .except at no-load or intermediate loads, when thir" 
brushes are retained in tin; eftrreot posilidfi for A ill-load. Hut 
in nearly every- gnsc, if (lie ‘effect of sparking on the iimplies and 
1 commutator be carefully examined, it will lx; found in generators 
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that it is the trailing edges of the sectors that are fir«4 pitted and 
worn hy the sparks, and the leading edge of the brush that (fret 
•deteriorates, stowing tiiat it is tile final current-density and the 
fin til rati; of chilnge which have the greatest importance in 
„ generators, 

j 18. The reversing field from commu tating poles.— The product ion 

of a reversing field hy means of a commutating pole wound wijfi 
ampere-turns 4'T, exceeding and opposed to JZjAp has been 
already desrrilied in tempter XV, § 7, and Chapter XIX, 1$ 10-14 
The curve of llux-density round the armature surface now shows 
a huiuj) in the middle of each in ter polar gao, the same in sign 
as the llnx ulieaS of (he commutating pole, as shown lit Fig, 329 
»r H30. 

Some variation in the adjustment of the strength of the reversing 
held (Ims obtained is given by shilling the diaim ter of commutation 
slightly to one or oilier side of the outre of the commutating pole. 1 
Hut it will tie seen tlial, s]s:aking generally, the diameter of eoni- 
inulation must In- close to dm centre in order that the actual posi¬ 
tions of tile sides of die short -circuited loops may fall within the 
direct influence of the pole, and exaftt coincidence was assumed 
in die example of Chapter XIX, tj 14. 

§ 20. The division ol the short-circuit current into two com¬ 
ponents. * fu all eases when the current diverges from the straight- 
dine, as in bigs. Hal H54. it is instructive mentally to consider tin: 
actual current ; as resolved into two coni]>oni | itt.s, i, and i,, where 
i r is ^|jc pail wtiirti corresponds to a straight-line change from J 
to ]. afid i, is an “ additional ” part which takes aciomit of any 
excess or deficiency ol the actual current as compared with tin- 
straight-hue current. The two components i,"and i. are indicated 
hy dotted lines in Figs. Hal H54. In the practical case of a brush 
, covering a rumrtor of sectors, as-the current i, in any one coil 
assumes ils different values, we may also picture a nearly stationary 
system of t, currents as flowing diroiigli the mils, uf varying amount 
from end to end anil closed through die finish material. An imag¬ 
inary instance when i, reaelus its maximum in a coil near the centre 
of the brush is indicated roughly in Fig HS5. and it is seen that this 
current is progressively fed hit i die winding from one end of the 
brush and tapjied off at the n'her eiul through the commutator 
connectors. 

It must, however, lie emphasized, that such a resolution of the 
actual current f — j i, is entirely fictitious, in the sense that 
. ,’t is not legitimate to construct “an independent differential equa¬ 
tion for i, (ev-’n if this were [jossihk-) to trace tlie compete curve 

* t'g. Mill's Willki-r, Tht Diagnosing <>/ Trouble j in 'rilettrieel Machinet, 
r p. 2S7 2*7. 
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of i, and thei^to superpose it on i t . 1 Tlte reason is that the brush 
contact resistances are affected by tin-'actual values! of the total 
current passing. Jlcnce if the impressed K.M.F. from the field 
/(/) be similarly divided into two components/!/}, f /(/),. th# former, 
corresjxuiding to a straight-line change under the actual conditions, 
will no longer have the value deduced in S; 7, when the drop of volts 
In-tween leading ami trailing sectors and brush cancels out. 



5 a J3a J3 a Jjo 



I-ici. ;W,i. AiMilinriiik tiirrcnls with brush covering 

u minilHT iff sectors. 


§ 21. The inductance in relation to the i. components,- But Uic 


advantage id the allow resolution 
damping effect fi'i.m several coils 
so far as the t, component is con¬ 
cerned fig. in the lase of a 
dyajiitio a in J'ig 1(51, if three 
coils arc simultaneously short- 
circuited at each hrusn, and coil 
A is close to the end of its short- 
circuit periisl. while the remaining* 
coils /), and .f„ are situated at the 
points shown in Fig. 35fi. the rates 
of change til., 'til and as 


is that 4 clearly brings out the 
simultaneously slmrt-cirfinter),* 



shown by (be tangents to the • 

curve of t. arc ijf opposite sign to tN.JM and help tn'm/nre (lie 
apparent inductance of.-I. •* 

On the other hand,-for the same tPhmiii the apparent inductance 

« 

1 The (Uvisdin thr shofi-cjif uitJf nrrfnt in tin* aluvr ufcinnw ha* }***n 
conrlcmnviA by A- Maud ml m ftrrrhn fa Cummutu^ un, p. blft lllf 
cTitifiMTis apply rMlu*r to tilepitmutf uv uf llu* 'Livisnm a.s*a ttasis for 
mathematical di'ihis.lmn*, and <h> not .itfPtt tin* iiwfultK-Hh cif thr uimx-plion 
as a means of pMurniK more dearly in tlui mind thr prno-vi «l commutation. 
In this valuable work, to whuli T*fer<$C 4 i» frM|ur*ntty made^n t^- present 
chapter, the reader will liml 4 iitutnul arrrmiit of |»rti’iouii ihe*;r*»s ami 
expcritiirnts romnAlatum, as well as the very instAictive ex j>rri merit* of 
51, Mauduit ftimselt. * 
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of coil A, when itself at the earlier stages of commutation, is actually 
increased, since it is then tlso carrying the damping current set up 
l>y another coil which is approaching the end of its short-circuit. 
The case is not, therefore, one d simple damping, and the inductance 
of roil A in relation to i, is not a constiint. But for tile sake of 
simplicity it may U: assumed that when the coil A is approaching 
the end of short-circuit, it adds to the current in the coils A„ A u , 
otr.; damping components i„', etc, ; there by Kirchhoff's laws 
and assninhig*tlic roils'lo lie similar, so that ,!/, -- 
'■ \ji, a; „ 

• "'jr 'Tr r ' '' 

t , * 

Neglecting r, i’ as comparatively small, 
in; ■_#, tii, 

-,li ~ ~ 7t 

The secondary current i,' induces in the primary coil .1 an li.M.F. 
■ A' * di. 

’ dt V > ' dt 

The self and mutually induced K.K.F. in the considered coil .4 
is then 


7 ( ' A - ■ f>) -T, H 


■+w-*\£ 

l \ '/ ) t ll 


■:.or (hcvapparciil sell ainl mutual iiuludaiwc is 


v ) .// 


An - 


Thus from the figures given in § 4 the apparent sel[-inductance 
of section .1 of Fig. H45 on all armature ii, air when coil-sides H 
and /t, in the same slots form a short-circuited secondary and act" 

as dampers will he ^ * 0-51 >. When the neighlxmring 

section .4, in iidjint-Hi slots acts as a dani|>er, the inductance of A 
(tKW •• } 3 

■ ■till I... a ' ' A L)A (s' 


and il both the section .4, and the coil-sides II and ll g act as dampers 
■> - 0-49 •/ -1)1 i / .. 1) 4 /, 


the final inonivnt, then, the value which is less than 
V Hs — ft is “ apparent *’ for a double reason, since it takes 
into account not only the damping of any* flux passing through the 
exciting coils, hut also the damping action from the other sections 
simultapeouely short-circuited. 1 

5 23. Importance of the quantity + L. /f.~ In order to 
reduce the strength ot reversing field necessary to giv£ straight-ling 
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commutation and a uniform current-density wider tlie brushes, 

. ' + i\ y/\b equation (180) should be fiina.ll. The vivffirii k n1» of 
mutual induction^ // lP A pi etc., 1*1 wot n the co iin^ lei vd* Coil and • 
others which arc smmhaiicoudy >hnrt-circuited should tlujefurc l»c 
reduced as far .is p<*siblc. On the other Hand in older that ilu* filial 
rate of change of the additional i in mil dun lid not he unduly high, 
s tl should I*.* as small as jsissibic, and the nmtiiai inductance of 
utter coils inclose ^oximiiy should he high sn ax to increase‘thrir 
dumping eltect l lnis itie more ' t . is rcdu*id, the greater Iki'oiiu'S 
'* j A'- ff, and i eductions in I mill i|uamili<x Vc ]im>mjMtihlc. A 
reduction in '-I*,!' ** should. Inwevvr. l.ike pie«i ilmce uv«r any 
reduction ji t f; . Any gain fn-m il.iinpi/4; 4 t trfiv end of short 
circuit rau^nly he obtained at ihe rx|»cn-v of guuh-i divergence 
from the straight hue id< 4 il ill the initial m mMmnhate stages. 

A stfrdght-line cun* lit ‘lianp- ih»I only in mils .1 anti l\, but also 
in all I lie I'nils siuuilr.iK oiisfy slant r insnietl buth at (lie same 
hnishesasr.’ttil .{ (J ig. dl.S) and . 1 1 arijaieut hnishcs,is the necessary 
cirinliliirn lh.it tlit'V may all ihrongliuin ) 1 .i vi* t 1 u- smir rate of change; 
t] mA* then all assist m m. tiding cuuiiiitil.ition. hut hy this alone can 
a c<installl and uniform cllllrtv-density under the hjiixhr.s I*-secured, 
litas * j 21 *• is tile chief factor in the ii-cjitired revel sing Jit-Id, 
Old deluumies tin: nccexsaiV angle of hat] m those »ase.s where 
>e air d<|<(-nd'-in lljioji xhilfillg tile hjllslu^ file glC 4 lel the 
eijuii cd d’tisity of ir'YMiig li'ld, I In* nioi> sensitive Incomes flu: 
n.ichine tr» «lung* x of l.ud nr in any di^symmeti v of the various* - 
.eetimis. I’unIn r, if ih« rc should Ik- 110 tevciMiig Ih-M picsctil 
md the actual cNbTud held is sfn.dl arid negligible, the purtftftct 
jf \ 1' t* \|*itli ‘1J; i br« onics a sound guide In the amount 
»f work th.il will lh-Jeft to I lie collective action of tin: brush 
onlacl-ri sislaiite to jurforui. 

In order, (hen-fon-, to («nn .hi the Uhavioiir of a dynamo as 
egaids sji.ukli -.x rmining, it ix imperative lor I he designer lot ,1 im.itu, 
•Veil if onlv appnAmub ly, the value of ‘ I* A *t. He must so 
lispnso the mils which an- siniult.tiieoUsly >hoit 'limited Dial they 
iavc minimum 1 ni 1 tu.il rnduclaiK'e so fur as this is riot forbidden 
ly other considerations, and in ru« li tin- number of him? must 
h' \u small, < ir. wlijgli amounts \o tin- saifie, tb»* nimilxa of commuta* 
or sectors for a ^ivni uimd»T oPnTlivt; r<»inlucturs must lx: so 
urge, 1h.il f -}• £. //'•is reasonably JAw. 

It has already been -dated thatch*; sell and mutual jndudance of 
1 short-circuited o>iJ, strictly Quaking, varies jiccordhig tn its 
lotion on ihe armature Vote relatively to the juries nmPtherefore 
'a tics during^mrt-circuil as rotation protends, yet that it may 
approximately fie regarded as constant for a given poAili'tfi of the 
brushes. Hut now 4 further f.fr the purpose of approximate ?alcU' 
Ution the ^^act position of the Unifies must be ignored, and 
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'/+£. must practically be identified with the vjlue obtained 
when the group of coil-side* wliicli are short-circuited at all brushes 
are us ribarly its possible in the centre of the interpolar zone or 
directly•umler a konuniitntinff jsile. The X . // of any one 
considered roil varies according to its position within the group, 
but in order that any error may lx: on the safe side it is liest to take 
that position of the roil which leads to the maximum value of the 
iitdndaricc, i.e. when itjs as nearly as possiblfc in the' centre of file 
jgroup, and to regard this as the constant value. Kven then the 
ijiiaulily | i,// is by no means easily calculated with any 
great mcci ii ai y, and much could lie done by direct experiment in 
the technical InWaloTy to bring the methods of c,deviation into 
closer relation to the lads. Thus the extent to which the flux 
entering the pole-faces also passes through the exciting coils, and 
there lias its varialinlis damped out, so that,it adds little Mi the 
induct.nice, varies as between laminated and solid pole-shoes, and 
the amount of the (lux entering the extreme pole-lips and delicctcd 
by (he main excitation inly an air-path to emnptctc its circuit 
[lug. H44 ib )) can only he determined by direct experiment. 

| 23. Method ot calculating the sell and mutual inductance ol 
armature coils.-- The iuihnlautt of a coil in absolute units is eijuat 
to the liumlier of linkages of ils component turns with the lines 
which Snead through lliem when the current carried is one t'.G.S. 
unit. J.et t." Ih: (he miinlier of wires in one side of a coil, If. the coil 
has v mins. Tin- M.M.I-'. of these wires when carrying one ('.G.S. 
unit of current is am! this acts upon a magnetic circuil ol which 
tliirT*wnc.iuee has to tic iU-tcruiin<-d. Hut since the wires must 
necessarily orcupy sonic space, they do not all net upon precisely 
the same circuit, so that all the thus to which they give rise is not 
completely linked with all the wiles. The indurlance of the group* 
of wires is therefore usually given by obtaining an expression for 
a single- equivalent permeance ;< such that if il were acted upon 
by Ihc M.M.I''. ol all (tic wires. /.«•. bv 4jri<’, the resulting llux 4rr:. :.' 
linked with all the ic w ires gives the actual total uumlier of linkages. 
The general expression for the induetance of the group of wires 
in practical unils is then * 

k 4nr,-' J ;*' X lil :l krarys . ) [181) 

Usually 4ir}>' is grouped together as A in conventional units, so that 
y x W®, and il I l«‘ I be Huglh under consideration 

-/ =: x HI'* liemys ; . . (182) 

The coefficient A is therefore essentially an expression for 4ir times 
the equivalent permeance per centimetre of the length which is 
imder consideration in the given coil. * i 

In the case of the tootliei.it dnim armature which has flic greatest 
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practical interest, the permeance relatively to a half-coil will be 
divided into two main jxirtions, corresponding to 

(1) tlie v iJe of the coil cmliedikvd in the iron,of*the ajmature 
core, and propel ional then fore to the core-length ; and 

(2) the end-connexions at one end from slot to slot, and pro- 

portiuiud therefore to the length of an eiid-eoniiexiou as fixed 
l^V y m l measured itj slots. , 

The former will reipiiivtu lx- again subdivided intil-- _ 

(<i) the i sat ion rrirres] poii ding to the tlnx within tin' sluts, and 
this again into.(it’) corresponding to the tlnx within th« slot 
|rto(xr no to the hNlom ok tile wooden \8‘iho, end a part («*) 
cor rescinding to the Hux across the wedge ami across the 
opening ol the slot whirl} may have overhanging edges; and 
(A) (Ac stirfiiee-of-the core permeance. 

In the case of both («) and (A) it may approximately lie assumed 
that the iron of the armature core or teeth is infinitely permeable 
as compared with air. All tin lines <4 (a) will then pass through 
the iron at the root of the tr>oth and round the hnttiuu of the slot 
without loss of magnetic (tothntial in their passage through this 
|x>rtion of their path. 

Within the slot, three leading casts may lx’ distinguished and 
are easily calculated upon the assumption that the llux passes 
practically ill straight lilies across the slot frihn side to side l>e*wecii 
the walls. 

I. Both the Jinx-density <r< row the slut nut the < omhntors with ukt^h 
it is linked ore inereasing (c/i. lug. HS8 (i) ). 

l-'rtr any considered height A within which tin- conductors increase 
uniformly from 0 lo a, tin: M M T. acting across a parallel-sided 
‘slut of width le, with a current of one C.ll.S. unit jht conductor ami 


at a distance x from the Imtlmn of A is 4mc , , 1 he permeance of 

A j 
• 

an infinitely thin strip of air across tin- slot is -- per cm. length 

of the slot axially. Hie flux in the xtrip is therefore 

• h. w, 

*linkcd with urx’h jomhiciorx An element ol the inductance is 
therefore ‘ 


4m’ 


/ A 

x-Jx I cing A •’/.’I, 

• • 

. A 

the total linkage: 


hht. 


t«/ 2 [er cm. along the slot, and 
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II. The flux-density from another similar coil in ^he same slot 
is uniform over the heighf h. but the conductors of the considered coil 
•with wlfick the flux is linked are increasing (r/>. j ; ig. 358 (ii), where 
the wilt's of tint considered (foil arc shown lilaek, while those of 
the second coil side ill a lower layer are shaded). 

The uniform fins density forotieC.ti.S. unit of current jier conductor 

«f the second coil-side across the npiier hall of die ylol is ^ #nd 

„ - tlx x 

in the thin strip <>f 'lir On: llux is 4wvr ^ linked with n . win s of 

w'j h 

the eonsirlen-il nal siijj 1 al tiki' ilist.mr e .v from jls fmtMii. Therefore 
an eleiuenl uf tlie hiutunl iiklurLuin* from I lie seemid feil-sidr is 
„X i(x 

f/. // 4tT7r'"- • 


ie integral j /rl!. 


the total linkages an -tm< - ^ per an. Ini^lli, mul 
♦In h 

X -7?fl ii',, !• 


♦ UH4) 


III. All the flu.\ in linked icith till thi' i'v tut tutors. 

*. 9 A 

III this, (he simplest jf.im*, 4rra'_ line-i are Ijjjkril with orulurfms; 


the total linkages ale lluri/oiv 4rjr 1 ;; length, mid 


A 4^,..',.(185) 

The mdiktamv in the three eases, tluTrfuir, rises In tin* pn»porlton 

±?:£:4tr.nrasl;IJ:;.. 


H there are present j coil-shies, each with tc coiulnctors, lying 
near hy or alongside of one another, and the self and mutual induct¬ 
ance of one only of Ilu; cnil-sides is In he calculated, different 
methods of procedure can he followed, ilejH'iuleitl upon ditieretit ways 
of grouping the various dbrmeatiecs and fluxes. Unis either (I), 
the entire self inductance of the considered roil is first calculated, 
and to this is then added ilie mutual induct (nice, an e(|mvalelit 
(leimeanco I sent; found which when acted on hy I he remaining 
(j — 1) coil-sides will give I In; actual number of linkages between 
the considered soil and the llux M the remaining roils.« Eg. from 
the figures given in § 4, if is the entire self-inductance of tne of 
two neighbouring sections side bv side in the same layer of the 
winding bill in different slots' . e/ is (KW of this value, so that 
/> — I-SI Or wlien it is’nor necessity to know tfie value 
of. /< sei>aratcly, it is usually more convenient (2) to take separably 
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the self-indurjanco of the considered coil so far as it embraces a 
loeafmagnetic circuit which is entirely independent of the remaining 
coils ; and then h*calculate an equivalent jicrnicaiif* :■>' such that. 
when acted tijxii by a M.M T. of 4vjv from till iflc wires, the flux 
which results if linked with all the r, wires of tile considered coil 
will give tlie actual inmilier of linkages front holh the self and 
mutually induced llnx in that [Mir lion of the magnetic circuit which 
is rthninon to ihem all ; c.g. in tin- same case usahovy the sejiarati' 
this due to the Considetud coil will yield 1MW ‘. and the.joint llnx 
due to doithle the number of current turns will yield 2 • (IKW '), 
making in all ((Hid , 2 (K£<) > 1 ;£f We thus havi' 

- i’i’./t -lT;e J (:< i if i. 

Ur if the mimlier of mil-sides alln ling the ruiisidued coil varies at 
dilterent [so ts, tlie second lihn is again subdivided, i being given its 
entree? value fiiuu one upwards for each of the srvetal six ltd i visions, 
so that ill general 

; - " •»«■*(* I t | .. .) 

;e| u, i /,/, T . .» ■ Kf ' 1 Itenrys. 

§ 24. The apparent inductance of coils of toothed drum arma¬ 
tures. In the <jse of a Jrmn utmslure the iiumhi-i of wires in a 
mi] side funning an element of tlie ainiattii'e winding is* >|IU|I to the 
nu ml it t of till ux in tlie ful. that is. „ / Iff It must es|ifei:illy 

Is- lematked that in the multipolar drum iftniatiire the cud-sides 
undergoing -hurt i limit ate lint w< cssalitv alike ill eath inteijiular 
/out : win i> the numb r t.f eoiumilt.il'ir sectofs |i r [mil* or ( j'lp 
is ii 'holt, if the position of tin- slim i t in uited mil sides in a pfftt of 
CiiiisA uttVe inltijioi.il /ones is set nut, I lie leiuaiiiiiig interjvolar 
/ones of the ninliit»il:.r tnaihine are merely rcjietitinns of the 
first (>.iir. Inn this is not the case wlu-n < ‘1[> is a fnidninal numbr. 
luirtiler, unless the pitched the evil is equal to the pole [litch, so 
that it niav by .Iiialogv from the 2-|mle ease b t ailed " diametric,” 
the positions of the two sides of anv one mil among the groups 
of short-rirniilcd mil-sides ate ilissiiilihr. 

In the tool her) armature, apart from the causes mentioned above, 
•t dissimilarity in tin two cotiseiulive irtcijMil.ir /ones in which a 
considered coil mat - lie also results veil wln n < 72/> is a whole 
number, if the immiier of slots is not exactly divisihle by tlie number 
of [xilcs without remainder, i f il S!2f> is not a whole number. 

flic first portion (1) of the ind ictahci: which is [irrqmrtiunol to 
the core length I cm. m ist therefore lx- determined siyxiraiely 
for each of tile two sides of a complete oil, as 1, and the situations 
of the two sidc**oftcn differing so radically that it is best to treat 
them separately ami to arid thyr induetanres subsequently. .The 
second porting (2) deals with the two end-connexions, each of 
lerlgth /' cm.* 
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Tims (or the drum coil 

//+ « w» [((a; + a,) + 2/T] X 10-' henrys . (186) 

In order to calculate its value, the first operation must be to 
set out*clearly the position ol the short-circuited coil-sides in all 
the interpolar zones so far as these differ, and to choose a certain 
pair of zones and a particular jxisition for the considered coil therein 
which it is estimated will give the maximum number of linkages 
and maximntn inductance. Till: three ijcms (a'),' (a”), and (6) 
«which arw proportional to the length of tiic core will then require 

to lx: estimated separately for each 
of the two zpnet in which lie the 
sides of tile coil, and tl iff correspond¬ 
ing values of A to M indicated as 
A/, Aj.d,", Aj*, A,'" and Tor 
each of the soverul portions,'again, 
the correct value for j must lie taken. 

The usual case of a barrel winding 
in two layers being assumed with 
parallel-sided slots, the first item A' 
is prhportioiial to the ratio of the 
depth of the slot A,,, below (lie 
wedge 1 to its width ic, (Tig. 1157) ; 
the second item A' to the ratio of 
the heights iihuvo the coil-sides to 
the mean svidths between them. 

The siliface-of-the-coic permeance is divisible into the portions 
corresponding to the joint (lex linked with all tlu; simultaneously 
short-circuited sections, and to (be local fluxes inroiedialcly linked 
with the section under considers I ion, or with two or more out of (he 
total number. These several permeances, when corrected to suif 
the assumption that they are acted on by j t , the total innnlxx of 
coil-sides short-circuited in tin* zone, may be grouped together 
as&.;>. 

Tin* more devMoped expression for the apparent inductance, self 
anti mutual, ol a drum coil on a toothed armature is therefore 

1 £ ■ W if- U (A,’ nV 1 A,'" 1- A/ -I* A,' -1- A,"’) 

* *. + 2/7'j J; 111* henrys 

= ^(v^ Mt'A.t'M Ui) 

' -m(v~1 <}.x\ I- V«))'l" x 10*-» . jl«7) 

in which a,s in (186) u> ----; the turns per coif' 

1 Che copper of the coil-sides may with tutikirnt accuracy be assumed to 
meet in the centre ol the slot and to ivach up to the Rottom pf the wedge and 
down to the bottom of the slds • ■ 



i • 

I'lf*. I imililr layer 

» wimhtig m sluf 1 . 
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(a) The slyt indue lance is easily deduced from flic rules given in 
§ 2H and on the assumptions named above, since in every ease it 
is only necessary jn the two-layer winding to writcVv- ft>r*A, and 



7 & f 


Flux- Total Hu* 
dWStjJ. Cdcfl 

frci>» bnw 


level. 




fij Sill iiithicldmoiiil iif»|vr njjIsiiTr. 

(ll) Mlltlial IIKllK'til'l'^ UpJ"T MIll-SI* !«■ friH* I'rtlsUlf*. 

fiii) Sctl'imliirl.ilh't 1 I"«vt r«nl >i«le. « 

(iv) Si-If iiml uiiituiil <A m 1 n> 1 li layers. 

Mutually ImkH flux ail4 mult illy tnrllh^t I' M I 1 ’. sh< wil sha<Jnl. 


to add up th^ .component items for ihc («') portion. Tliu induct¬ 
ance ju the three cases then ris*.s when singL ad-si fas arc alone 


'hr 


in question in the proportion tt ; 2n, while IstwctD the bottom 
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of the wedge and the month of the slot for the (a 'y portion, the 
inductance is proportional to +ir. 

(a') Thus, fur a single coil-slile at the top of a^lot (Fig. 358 (i)) 

by (I), a' - —- 2-09 —. With a short-circuited coil-side 

J ' ' 3 w, w, 

added in the lower layer (Fig. 358 (ii)), the additional item from 
its mutual inductance hj (11) isw —, so that (fir the upper coil-skle 


5t r It k 
3 ’ if*. 


5 '23—. If the considered 
re, , 


per cm. leitglh the total u‘ 

coil-side is at tlii|hollo«ri of the slot (Fig. 358 (ill)), to the same flux 
and the same inductance due to it within the lower hay of the slot 
up lo the height h w fi, as in our lirst case, has now to he added a 
furl tier self-iml need llux of uniform density in the upper half, for 


. ' / 2 * , \K 

•relorerr (-- • iir — 

\ 3 / fc. 


which hy (III), a 2n-- ; the total is Ihi 

h *’• 

=-8 37—. 

K * 

If in either of die two layers there jnv j eoj|-sides shorl-tii railed 
instead of lie? single one assumed above, it is only rieei-ssarv to 
mull iply the cornsponiltng item hy j. The three leading eases when 
expressed in a form immediately applieahle to our main equation 
are therefore as follows—• . 


k‘ 


« l„ 


)., ei ease 
3-14 j„ „ „ 
ivfB i . 


of yz\ 


if - 


Into these elements any more eoinplieuted ease may be resolved, 
and • r 

A' . i>v/) *•£ 

it „ 

• 

where 4’ call he tabulaled tieforehand for any given arrangement of 
coil-sides in a slot (c/>. Fig. 115ft) wilhont a knowledge of tin ratio 
Thus the value of /■’ for the i-ousidered /-oil side (marked 
hlaek) with the dilteretil |!osiliohs of Fig. 359 for the short eimiiled 
coil-sides in the slot eontaining it are 


(l)Jt' -2 I1M j fl-29 

a:i7 

(,’> *•' 

2 S2 II9 ■ 3 14 7 32 

(2) - 2 -US t (i- 2 s'( 2 U 

list 

(81 

=2 fo> i 2x3-14 8-37 

(2) -=--2-09 ( 2 14 

5*23 

(9) 

2(2-119 ‘ 3-14} ( , ,10-46 

(4) -7(2 0f ( (MS)" 

10*74 

till) 

- 2(2-09 4 8-28 , 3-14) .-=23-02 

(5) *V-2x2 09 

4 18 

(ID* 

• <1(2-09 4 fj:2S] (3-14 =-28-2S 

(8) -2(2-09 4 6-28) M N = 

W-88 

(121 

^3x2-09 4 3 14 ’• -9-42 
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Strictly speaking, the first itenv. arising under rase J only held 
fur » coil-sidfl divided into a large miniU-r uf lamina- <>i layers id 
small wires. For.solid conductors in each layer, uf a height corre¬ 
sponding to h r “i. there is no self-iiiducta nee iiwthe commie tor as 
a whole from the flux within the conductorV own height ; the effect 


from this for reasons given in t'liapter XXVIII. titi. causes a non- 
uniform distrilmtion of the nmvnl-dcnsily at any iiininent over the 
aws-.seetion of the solid conductor, and an appaient increase -ji 
its ohmic resistant r, which sliouM ap|n-ar in the frtll foninila fur 
the short-circuit condition. If an approximate eoiu-iTmn m tin* 

:U 

•w 

nr • 

1/qT 

tit 

\2i 

(SI 

141 

l!_T 

tr 

1J5. 

"]• r 

[o ol 

Is) 

16) 

■ 

^7) 

Is) 

tsr 

i® °r 

'U 

B 

to) 

• tio) 

lu> . 

(t:i 


l-'i,,. :t.W. 


total imlin taiice is made l»y halving tile n»iH,ml li-llt-t or hfrn !JV 
neglecting it, trie ineti .im-iI red-.1 .nice should In inttodlleeil. Vet 
since this is dilhciilt In i.ili iil.it> 1 and ii i> Mol otluiwise allowed 
fur, it suffices (or rnni]i.irative purposes to make use of tin ipiantity 
2 ■<#)/„, as if tin- conductors weiv,c run posed ol iiimit-votls veiv thin 
laminae. 

(o’) In relation to the (lux alcove the upper lawr of roils, A." 
a’j„", ami is simply the unrulier »if slmit circuited mil sides 
in the slot containing tile considered mil. fat as (In- distance 
/ 2/i, h,\ ,, . 

h. h r is roncernnl. a" 4-[ - ■ - - lull at the extreme 

edges of the opening. Jthe densely crowded lines > iirve outwards into 
the air-gap, so that to the slut [super may I"' added a /one within 
a semi circle described on the in'iuth uf the slut (e/>. l-lg. I), The 

mean area and mean length uf path varying together, the jx-rnieanee 

* 

1 For at sn« li i^ldildtioii, j« rt* M. Jv Fif'J'l, " Hit* Cjirrrnt*,” 

Jouru. I.F..K-, Vul. 37, p. 112: anti I., rfctvhmumi, fit* 

Vt A. 2, p. 387, Hut llio assinnptyxi <rf ;i mtaiiK'ilar slMjiy F»f tli<- 4*irr«:nt 
wave in the ^con<iu#or departs from ihf actual fact in an imjmrtant 
Inspect • f 
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is independent of the width of the opening, and as an approximate 
estimate 0-2 rjiay lx: taken,as its value, so that ■' • 


f2'7 


s. I 2 h. th \ 
■s7 --■•* |-i’| 0-2) 

\*« h u, j ,( 'j / 


(188) 


/ 2Aj \ 

which mluees to 12-57 f — i 0-2 1 in the ordinary case of an 

\“i ! «'. } 

njxii slot wlu-p- A 2 is tin,- lieight of a wedge flash with 'the surface. 

' (A) The Jturfnce of the fore. 

Neitt must lie taken the inductance from tjic s itr/uceof the core, 
the group of sluTrt-riri ailed coil-sides I icing assumed to*iie situated 
midway Is-twceil the pile lips lor the purpose of obtaining com¬ 
parative results, although such an assumption is not strictly true 
when the hriLsIns an: shifted away from the line of symmetry. 
Further, the e.deiilaliotl will he made for the armature removed from 
its fteld-inagiiel system ami situated in air. 

I'he experiments of I'olvhnayrt' 1 and also of J, Ki-zclman* 
show that, when tested with alternating enrrents of about l(K) 
Irequoiii-y, tile ippireiit inductance^ of seetions cm an armature 
with the Held magnet yirenit c losed is not far different from their 
real imhietanee when the an nature is in air. The slot and end- 
eoimexfou uidnetafiee is not tluTchy altered, so that the similarity 
_of I her/plant it at ive results obtained in the- two eases is simply due 
to tiler fart that the flux which continues to eirrle through the field- 
magnet coils and sets up the damping variation in them and eddy- 
cunvitis in the solid iron has about (he same magnitude as the flux 
from tile surface of the rore when ill air. How far this remains frtin 
al higher Ireipieiieies of 51MI. comparable with the ordinary condi¬ 
tions in eoiniiiutalion. remains doubtful, hut from the- ease with 
which armatures can he lesled with alternating currents {riJr |i 46), 
and the comparative figures therehy ohtaimsl can he used to check 
the results of e.delllution, the convenience of the assumption war¬ 
rants its adoption'll! practice. It is only on (his account that the 
inductance of a section or sections of an armature in air possesses 
any interest. ‘ 

In air with frequencies,up4q2l)lt, Ke zel ma n s *e x |>eri men t s with 
slotted armatures si lowed that the reactance of a section or sections 
remained pro|sirtionat to the frequency, so that there was no 
|ierrrptible a damping elfect in the Li m mated iron of the armature. 
WitlMamipated poles of plates l mm tides immediately ibove the 
slots ocenpH'd by the section under test ni’h an air-gap of 3-5 tflm. 

— 0T3S\ although^ the inductapee was greatly irtcreasod, there 

‘ t.gri, Vol. S3, r 1 too, aMract.sl o*H«lr. 28lhJ-ob.. 1913. 

i Krclstctiri swr Us rhtwmfys tie t<j CoiNmiifafiLUi. * , , 
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was no perceptible change of the reactance with increasing fre¬ 
quency. 1 l?ven when solid commutating jxrles of cast steel, 
unexcited and wjjh no yoke, were presented above the slots occupied, 
by the section under test, altltpugh the total 'nduc^ince was 
increased 30 per cent., there was tin damping effect s with all air-gap 
of 4 mm. = 0-! 57"; if, however, the air-gap was reduced tn 1 mm. 

00394*. damping was shown by the apparnit inductance or 
ptrnieanco becoming lessened with increase of the frequentv ami 
liy a marked increase hi the watts alisnrlx d. * 

The permeance per cm, length of the anna lure suffacc witldtl 
tlie span of till* slots containing the si tort-circuited foil-^idcs is 
dependent on the nTmiUr of these slots and on tjpc relative widths 
of the sli4'o|H*ning au<l tootli-rrown. The remaining [xmieance 
corresponding to the joint (lux due to the /, eoil-sides is prarlically 
jildaiM'iident of the slotting of the core owing to the comparatively 
great length of the"paths in the air The total surface ‘jiernieyiicc 
might therefore lie divided into these two portions. A different 
division will, however, he found more runvcnicul ; a first |sirtion 
will lie made to etuhrai'e tin* whole c^f the s|ial) from the mtcrpolar 


line of symmetry up to ,lhe pule ti|>s, a 


_puli>-itrr 

pole-pitch 


0-7 and a stalidald raly of 


standard ratio of 
width of tootfi-crown 
■visitli id slot opening 


—- l-a Is-ing aijpplcd as fairlv lepresemifig ordinary'praetiee ; 

tlm results for this portion can then he uino for all calcinated in 
terms of /) '(2/> . ti.,) oil tlm basis of a Hat core, since the departure 
from a if.it surface within these limits is iio( great. “ 


•For flic sitoiiiI portion of the jK’rmeanee from I tie pole tips 
onwards Up to the middle of the pole, but with the armature in air, 
it will lx! shown in a Noli; added at (lie end of this chapter that, 


whatever the liumher of poles pi diameter of tlie.annature, when 
the curvature of the convex surface is taken into iiirounUlhc value * 


of 4 tt.? iH'i cm. li’iiglti of core* may fairly be represented by the 


figure 10. . ■ 

In consequence in the following fori mile and curves which are 
> applicable In a single zone alone, the table of 4713 up Iqtfie pole-tips 
has been calculMed and to this up every ease has been added a 
constant figure of 10 to give b *47ih’;/, where if is the equivalent 
permeance for flux assumed 1 in Seed with w - - Z jKj wires. The 


1 Very tittle Hut in smpi a rase is linked with the exciting coils, bet when 
tile section wan on tht* iiitcrjtfhr limi of symmetry, tile damping effect wm 
ot course very mark^l, the flu* n««l oifty lwing linked with the exciting coil* 
but Also pen* fra ting the joint between the Laminated pilos and the solid* 
steel yoke, where eddy currents wojld oe wt up. • * 

• a c»- 

1 The poles am* Armature being stationary. eddy currents duo to die 
• passage of*he slot-opening past the solid faces are not here in question. 

• • 
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coefficient (or insertion in our principal equation (187) is then for 
the single zone * 

The Htmiln-r of sections simultaneously short-circuited is 
where the subscript phis sign indicates that the next 




larger*wl ioIi 1 number is to h* bikrn if is any rrmpindiT. The 
mimlnT j b ui stonr!-rimritrd ruibsidcs in unc zoiic is then either 




I, ami in every case the value of b 


given in the hi'o^infc curves is arranged so that i* may he 
multiplied Ity the full uuuiher )\ of coils short-circuited in the 
zone in question. 

• The leading cases may Ik: group'd into lour or live kinds, according 
as the short-cireuiIeil coil-sides are concentrated in one slot or are 
divided lielweett two. three, four, or live slots. A larger inmiher 
than live slols containing coil sides simultaneously short-circuited 
seldom occurs in practice. 

(i) Singh' slot. When the shorl-eirc.'iited coil-sides are eonfiniil 
to a single slot (lug. UW>), Ijic lines of tins are best assumed to he 
si'inieiieles spanning t lie 4 ng truing of the slot. With the standard 
ratio of uolc-nrr to pole-pitch as asstuneil above, (tie are from the 
rrlitre of the slut-opeiiyig up to the polcVjp is <M57rh>/2/ - 
(f471/),'!/>. The |KTIUealiee in one inlerpohir zone per cm, length 


/ l> \ 

ol rjgv is then by ei pint list (121)'—- log! 11*5442;,-- j hietnl upon 
’ v \ ip 1 1'*/ 


by a M.M.h. of 4nvc, where /„ is the total lllimlx'l ol short circuited 
eleiuelUs in the one zone and re is the tmitiher ol wires in the 
coil-side funning an clement. The resulting lilts is linked with 
tile te wires of Jhr considered coil, so tied the self and mutual 
- iiiilucUuu' is 


•|jr/ t «" X 2 ; (<>»« 2 - n J • «* ("*»S $ £ -;) 

k K 10"* In nrj'S. 

/ ' /) \ • I) . 

Since logl,: v 0-5M2J d.;c ,, ^ — ■ 011255), the total value 

\-P s tC] / j -/> X as, 

of 6 with llie second division also taken into arrntmt is 
/) 1 

J t> 5>-22o| 10 k 

. * 9-2 h 

j -P X *a ■ . 

■ as given in the upper curve o( big. 1W0. 

1 
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The inductance is therefore a function of the quantity Dfiptc,. 
and the curve of Fig. 360 becomes universally applicable to diffeffent 
-numbers of pvles and different widths of slo‘. After having 
calculated f)j‘l(nv J in any givek case, it is only necessary to read 
>, off the value of b from the curve and to multiply it by j t , or the 
number of short-circuited coil-sides which are found to be present in 
the single interpolar tone. 

*Ihc actual position of the short-circuited foil-sides within the 
slot is in tljc pnissint connexion immateriar; thus in the diagram 
flu; considered coil-side is marked black, and there arc three other 
short-oircuiled coil sides shown shaded, so that h ~ 4. 

When the shdU-circfiitcd coil-sides are spread over ,-norc than 
one slot, in addition to the joint flux finked with all the-coils, there 
are also in general local fluxes linked immediately with one or more 
* slots, and the methods of calculation adopted are explained in- the 
Mote appended at the end of this chapter. The assumptions made 
cannot at Ixist be entirely accurate, but by them correct relative- 
results are approximately obtained. 

(ii) '/itd luljritait sluts, with tiie short-circuited coil-sides /Tg 
), equally or unequally divided between them (lower curves of 
l'ig. 360, calculated oil the assumption given in the Note, 
p. 166). 1 * 

As tins disproportion between/and £ increases, the coefficient for 
a coil-side situated in thq slot having the large! number/approaches 
that lor a single slot, while conversely the coefficient for a coil-side 
in the smaller group fails and approximates to the value for the 
joirft ller alone. 

Ollier curves lor different values of /, are easily cite:pointed. 

(sit) Thru aJjm'tiit Ms. The curves of fig. 361 apply to the 
ease of three adjacent slots, the 1 


- ~yr~fcf u 
T*n=niF 

_ r _ <r ( 

Tig. tlli'Jt' -Short-cinmittsl tfoil- 
rides ill llin-p stats luisyiulm-tncat 
about centre 


central containing/coil-sides, and 
each id the outer slots g coil-sides. 
Hut the distribution may also lie 
unsymilietriral about the centre 
line, as shown in Fig. 362. In 
such eases it is usually at, outer 
shit containing the greatest nnm- 
* her in which tint considered Cuil- 
syle will lie, ivnd the lower curve 
of Fig, 361 applies. Hut if it lies 


j in tiie ceniralslot, the dysaymetry 

may be ignored, and the same curves of Fig. 361 may be used wi‘h 
interpolation for the appropriate value ol ///,. >. 

(iv) Ftvir •Jjatent slots. The curves of Fig. 363 are calculated 
for the'symmetrical eases A and 11, ahd by comparison with these 
oilier cases can be dealt witl^by interpolation. 
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M Five adjacent slots, each containing short-circuited coil-sides, 
rarely occur : in Fig. 389 of the Note* to this chapter is shown 
the coefficient for*he central slot, if all were equally filled. 

In the calculation of («) and (6),*for accuracy Irnm the total 
axial length of the armature core, should lx- deducted the sum of 
the widths of the air-ducts, to obtain i the magnetic length of 
the core ; the difference should then be added to l', the length of 
th£ cnd-contlbxions 'in air, Further, the, inductance from steCl 
binding-wires, if present" has above been neglected, , 


h 



• • • 

The preceding curves show the gradual dec line in the rate at which 
the permeance and the inductance rise as the diameter of armature 
increases for the’ same number of |xil>$ and width of opening of 
slot. Their lower terminations in all cases mark the jx,iut at which 
• the width of all the short-circuited roil -ides approaches dangerously 
close to the total width of the interpolai zone between the pole-tips ; 
as an extreme maximum the number of teeth and slots in which lie 
the short-circuited Coils should in the nuu-<:nnimiilating-]>ole 
machine always fall short of tin' width of the whole intcrpolar zone 
by at leas* the width of (fit; tooth-pitch, so that fof one, two, three, 
fouit or five slots involved in the span of the sections shori-ciroutcd 
«• I) 

by the brushes,:.---should not be less than*about A 7, 9, lt # 

J 2p. »■, • 5 „ 

and 14 respectively. With commutating poles the short-circuited 

cbils will b<? less widely spread. 
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(c) The end eomtexiims. 

Jn iterurdaflnt vvirJi tin; Conclusions reached in the N’ote appended 
• at the end <>(..tfiis chapter, fur the V-shaped cnd-conncxions of a 
(p.irn l wiiind an'lialure, the Expression adopted for insertion in 
the principal eiptalioli (187) is 

fb.-k m \ , T 

. * >-*< (VV< : ‘; • r 

wlii^r i'' llirfriiffth <if t>iK' rml, ;mil n .mil b jirr tl#f* lw» iliinciisirKM, 
•]n Jirn\ wi(till, ii f 5hr iv<l.m^ul;ir p;ickrl ffimud hy the coil-cuds 
wtiiH^arr simnlLuiroitsly sJiort cirniilrd ut one l*rusl> (Kijj. 391). 

§ 26. Influence of ritch of armature coils; It is instructive' to 
iinlr the mill hint uliiili Mir pjli'h of Mir nrnialuru wind^ij; lias upon 
tlir s|r>t and mir indin lancv, anil in order In illustrate this a nmnlxr 
of ilitij^iMnis ijf Hvn inlet polar zones ;irc Vollei ted ill hi^, 364 fyr the 
piiriii uhif ran- of Mint; sn twis nr si\ ruil-si<W per slot in two layers 




When flic rmmIH-r <•( dots is an exact multiple of 'Ip. i.r. S'/-/ 1 is an 
inle^er, inie diniuetrii winding is <i1<kiiued when the hack-pitch of 

tlw armature mil roektued in elements is v. • ■ | I, where 

-/> 

ll the tiuiuher utcuil sides per slot, and .S’ the number of slots ; 
ur when reckujieil in li|>ns ut sluts, v,, 1 0 ‘If*. In this ease each 

of the sides of a complete coil will also have e\ai lly ahuve or lielow 
it in the satlie slut another eujl-side which is short-cinniiled ai a 
ni’fjthkvurinj; linish of oppose jailarilv, so that the inductance 


>r a given value nil ^ I i> a nta: 


preceding diametric- value most U* reduced in steps of two elements, * 

. it, - -: s n ■ .s' 

i.c. Iho.ltexl lower possible values are - 1, 8, and 

* *"* ff 

soon. Alter passing through a ntiniN r of 'itch steps 1, the 


rear j>ilcli in slots is it sal I shoilriicd and Iktiiiiic.s y, 1 (.S pip) - 1. 

The winding mav then lie Vailed long ihiod. the ilelimtion of this , 
term k ing that with narrow hriistieslhe two coil-skies which are then 
short-eirniited in oaeli rune are* separated hy an 'intervetting tooth. 
After the same number ut iuterpiediate steps as before, the rear 
pitch in sluts, is again shortened to (.’'/./>) - 2: the two coil-sides 
slMirt-eiteiiited hj; narrow brushes in each A me are now separated by 
two teeth and one slot, and tlu^ winding maybe termed short cksrd. 


The intermediate eases when the amount by wliidh the pitch is 
shortened isWnot ei|hal to a etmipVto slot do not yield interchange* 
able'Toils, so that in practice they a/e soldom u>td (but cp. p. 187). 
When hip. 384 is cxaimmxt. it is seen that as we proceed down 
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the scale from diametric to long chord, and thence tij short chord 
the two layers of short-circliiteel coil-sides are, as it were, gradifcllj 
sheared apart, >and the greatest . V -f 2, ft of anyone coil out of ; 
given minlser short-circuited bh the brush width is reduced. 

When S/'Jtp is fractional, the smaller the remainder, the nearer can 
the rear pitch in slots he brought to equality with the polc-pitch, 
so as to resendile the true diametric case. From this point a similar 
gtadual shearing apart t is produced as r, 1 is shortened by one*or 
^iiore complete slots._ The reduction in tt’e values of k / and k,' 
for the slot inductance is shown by the figures in Fig 364, 

«. f 



Taking any particular values of 


f r K- 


and of ii, if tlicsurfacc- 


of-thc-enre induetance is calculated and added to the slot induct¬ 
ance it will lie found that their sunt is appreciably reduced by 
shot tuning the cod-pitch :yid so spreading out the two layers of 
short-circuited coil-sides in each zone. F'ig. 3(55 shows this for 
ft* ft,„ 

six coil-sides per slot, and 1 • — - 4, and on thg assumption that 
* .* A * 

the slot is oimn and with a ratio — = 2'5. Tlie percentage reduc- 

tion is consiijerablc. for the first shortening of the slot-pitch Irom 
S/2/ to (S/2/) -1. and is much less whyn the processes carried 
Still further. r , 

With fractional windings the number of coil-sides short-circuited 
, . , * 2(ft[- ft') 2(ft, - ft_) 

in Ok. zone may be cither-^— or — , according to the 

circumstances of the brushwidtli and pitch ; in the laKer case the 
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curves of the surface-of-the core inductance arc somewhat flatter in 
lar^b armatures where tlxe joint flux predominates than in whole 
windings with the same width of brush. There i^ therefore a slight 
advantage in fractional as compared with whole values offi'/Sp, but 
the difference is not great. 

In conclusion, it may tie pointed out that occasionally a coil is 
wound with a immlier of wires in ]Ktralh-l ; but if so. they must be 
wAund in the same slot or slots as if they were a xijiglr conductor, 
since otherwise eddy-currents would U* set up within the .coil, due to 
the different 1' M I 's generated by the wires in the different slots, 

$ 26. The inductance of the short-circuited sections with com¬ 
mutating r>Ies. The <|Ui‘slioii next arises how far the / \ X. ff 
of given cflils is afieeterl bv the presence of commutating Jtoles. 

When the short-eircuiliyl sections are situated cotittaflv under 
the holt face of a commutating pole, and assuming the latter to lie 
unexcited. I la- self and mutually induced flux would very largely 
pass through (he short Commutating air-gap of length l vr into the 
coniiitul.itmg |wili*. cross the iron pul*, arid emerge again through 
the air-gap /, fr ; or if the short-circuited coils are not ipiile central 
under the conmiutating pole, but nearer one edge, some of their flux 
would pass direct lx* up the < on mull a ling |miIu and -dose its circuit 
round the yoke and an adjacmi main pole. In eidur case the 
convenieiil iron path thus presid'd to the hort circuiod Coils 
ami (he shortened length of the air-pat!* would largely increase 
the induct a lice. 1 

Hut this is not the ease when, ns in practice, the commutating 
po|<- is excited, so that reversing flux passes into the .hmature 
core. ‘Hie M.'l.V. of the total armature ainjirre-turns including 
the short-circuited turns is overcome by the greater M.M.l". of tile 
coils exciting the commutating jxdes. I lie M.M.l-'. of the short- 
rircuited turns is then .ettjieiiikjl mainly over the ronnuutating 
air-gap in driving the reversing flux aslant across the air-gap and 
slots along a longer path and in a backward direction towards the 
rear of the short-ciicililid roils. Thus just as dn surface-of-the- 
cort: and slot inductance of the slirirt-rilcnited coils without com¬ 
mutating poles is not actu ilb-due to l ft: separate existence of lines 
round them hut wtmws itself in the disoLici.-mcnt of the resultant 
field, so now the surface-of-lhe-corr: and slot inductance with com¬ 
mutating pules is really represented by the distortion and displace¬ 
ment of the reversing field. The effect mainly makes its appearance 
in the air paths, and th-re is probably Imt little difference iit the 
indict a nee of the same short-circiiled coils, with and without 
commutatings tiles, when in each case centrally situated in the middle 
of the inlerpolar gap. The stored ener'gy of a short -circuited station 

- 1 The expe.invites of J. Ki-a-lman (Reckcrchts tur in rhlnomtnei <U fa 
Commutation, p. 24) ion Sirs this. f 
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is virtually the quantity requiring to he calculated, apd if in both 
cases this is stored in air, its value under different distribution! of 
' the flux is presumably not greatly different. In default, therefore, 
of exact Experiment, the value^nf V T X ■ ff calculated as in § 24 
may l>e used equally in connection with com mutating poles. 

One point need only here be stated in addition. In order to 
keep the circumferential breadth of the commutating pole within 
practical limit^, the rmj due tors short-circuited in with interpofar 
jonc must,lx? more cjoscly rourentrated Ilian is advisable in the 
absence of commutating [inksi. The armature winding may not 
require to l*e actually diametric, hut it often is So made, and it is 
only in this ease*!hat the two short-circuited sides of a Moil will he 
exactly similarly sit noted in reference to a puir of reversing fields, 
and will have equal li.M.K's impressed ii[xin them, s<i that their 
effect reaches a maximum, in consequence lliyi of y,, 1 being ilfarly 
or exactly <‘qnal to the numtxir of slots within the pole-pitch [cp. 
p. Ki7), the < | 1 '. /( with commutating poles is naturally high as 
compared with ilie case ft! windings usual on non-conimutatmg-pole 
machines which are more or less chorded. 

§ 27. The time of commutation. 1 While in the simple lap- 

- b M 

wound armature T —, in the multiplex lap-wound armature 

for the slime brush Vidth the time is reduced to 

’ ' T _*> i) 

where* is greater than unify. ' 

P i 

In the simple wave-wound armature with as many sets of hnishrs 
as there are poles, a coil is first shqrl-circuited as port of a comjitcte 
zigzag round the armature which returns to a sector adjacent to 
tlial from which it starts and under tin- same brush The short- 
circuit current calf then pay not only via the eoinpkie zigzag, but 
also through all the leads eoimeeting the brushes of the same sign ; 
and the duration of this stagg is exactly as in the simple lap armature 

« ft - i 

given by the passage of a'iHi<*a’strip past the brush, or t = —- 

* *V 

The second stage consists in the successive reduction of the munlicr 
of parallel paths tqioii to the short-circuit current through tlic brush 
leads imti) only unc is left through the nearest linish oMhc same 
sign, ami finally this remaining path is opened by the adjartmt 
brusli of the same pgu leaving tl*o sector which forifts one end of 
theyjl ifnder consideration. Tims ti;e second stage is itself divisible 
into p - 1 successive reductions of the parallel ’paths .open to the 
current of the coil. The difference between the commutator pitefi 



COMMUTATION AND SPARKING AT BRUSHES 117 


and the pitjh of the brashes of similar sign, i.e. y,-Cjp, is the 
fraction of a see tor corresponding to each of the p - I changes, and 
this difference is«<|ual to 1 •'/>. The sjxice traversed daring each' 
of the changes is therefore 6 />, amt the movement throughout (he 

b 

second stage during the p I changes is ^ (/> 1). The total time of 
short-circuit at one brush and between brushes of the same sign 


•('» 


b(/> ]) 1 “ 1 \ ' pi 

is thus extended to 1 I i - ± ’ \ I / 

r*'t *'f . 

This extension of^hr time is in itself attaining ous to the com¬ 
mutation,^ so tliat the use of as many set-, of brushes as there are 
poles is to he recommended so long as thev are easilv visible and 
accessible, and do not gi\V too much friction m small machines 
W hat percentage increase in tin’ time of commutation is obtained 
entirely depends tlpoll the width of the bitisli ; tints if the width 
of the brush expressed in terms of the width of a seelor is xb, 
I It 




with four poles and a 


Ijf. hut 


if the brusli width is (wire tliat of a seelor, T IJ/. With 
wirle brushes therefore the increase lieeiniu" of less r.nil less 
imjxirbiiue. , 

With limit i pie \ wavewound armatures tin-case is slightly different. 
If 6 a — 6,„ b, a < omph ie /.ig/.ig round tin- armature is never short- 
citcuiled; there are then, as above, p t successive s' lges of 
reduetiou in the number of paths through the leads connecting 

a 

brushes of the same sign, each lasting a linn- corresponding to ^ , b. 


and the total time corntspomls V> 


small a brush 


width would, however, not he used in practice. As soon as - b m 
■ (a 1 }h an initial stage is added on <hiring; which a complete 
zigzag is short-circuited, and the duration of this dcjiends upon 
(lie amount by which K y A ; „ exceed* (a 1 )b. The time of this 
stage is thereforii projmrlinnal to /,, h M (a ])fi, and the total 


time of all the stages i> proporlional to 6, 




('■>)• 


(a Mi ) b. (/»-!) 


Thus the general formula , 


6„ I 6 (l - j . b b . .v g,, 

■ r. irrH'ilra-w 

. K. CatUrain-Smith. Jnurn. I ME Vul. 35. p. 430 ; anti I’rofcwor 
y Aid Mr.W S. it. Cleghonu-, Jou4. I E H., Vol. J8, p. 16H. 



118 


CHAPTER XX 


holds in all cases, whether the armature be simplex gr multiplex, 
wave or fap-ufoiuid, so long as there are as many sets of bruJhes 
as there are poics.^ Or if 6, - b m and b are in indies, and v t ‘ in feet 
per minute, • 

7'—— jij-4,,-|-i(l •-*)! seconds . . . (190a) 

•| 28. The true criterion of sparking. -It remains* to estimate 
<|iiantitatiydy the factors upon which sharking at the brushes 
ultimately rests, for tfic guidance of the designer as to the degree 
in wlwh sparkless running is likely to lie attained in any given 
machine. » 

The true measure of the limitation of the output by sparkingis not 
simply the maximum current-density which occurs at any time 
during short-circuit at the face of the brush, nor is it the maximum 
value which the ditlciviKe of potential between brush and commu¬ 
tator reaches. Neither current nor voltage in themselves an: to be 
feared; it is the integral eflijt of their product, namely, electrical 
energy, which alone can give rise to any destructive effect from 
sparking or over-heating. Vet even this statement must lie quali¬ 
fied at least in the case ol sparking by a further proviso. As Pro¬ 
fessor Arnold 1 has poilfied out, a certain voltage must lx- present 
U'tweeir the surfact's of brush and ronuimlator before even a high 
Walt-dciisily becomes (^'triinrillul in a OyiUPno. 

’ Thai the actual cx)<eiulitUTu of energy in the air by a visible spark 
nred not in itself damage* the sin faces is shown by the discharge 
pointsv't an induetiou coil which are uninjured by the sparks. 
And on Ibis account Mr. Thnrlmm Iv ul - has given,as the criterion 
of the sparking limit the maximum energy-density or rather watt- 
density at the trailing edge of a sector. Put actual facts show that ■ 
very high watt-densities which would lyntl to no objectionable 
consequences with plain slip-ring contacts would quickly cause 
sparking <m the commutators of direct-niirenl machines. The 
difference lies in the value r of I lie voltage which forms one of the 
components of the watts, and which for the same value of the 
watt-density will Ik* higher fn tin: rommntatnr than with the slip- t 
ring. The two eases are, in fact, decisively dillTcolialcd by the 
presence of the slight pcrcbssinilh and vibration tic which the brushes 
arc subjected on the commutator as they tl a verse the mica and 
copper strips % even when the surface is as smooth as it is possible 
to attain In practice. The Jardisposingtcause is therefore to be 
found in h mechanical considcjation, which for the same current- 
density raises the voltage at the point of contact, or the apparent 
contact-wTsislance, fa the cnmrtiut.Stor as compared with the slip-ring. 

■ i 

1 Did GUichsitiHttmtiM'kiHt (2nil Vul. I, p. 403. 

% Iran*. Amtr, 1, Vol, Vl. p, 01t. 
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The abrupt rise of voltage after the normal maximum value of 
R t *. s„' is reached, indicates that tfie true conducting contact 
has been ruplurad and that an arc or spark, however minute, has • 
formed. ( 

Accompanied, then, by voltages exceeding certain limits which 
may vary according to the conditions, the watt-density which finally 
causes the visible spark does materially damage the surface of both 
commutator and brush. Ksjxci.illy lias a rapid variation of the 
current-density to be guarded against ; for it is this*which, through 
the action of self-induction, supplies the li.M.K. necessary for damage 
to the surlace to result under the conditions of [lie ruiilinuims-eurveiit 
dynamo, ad apart from any electrical or* migit.ffic cause for it, 
such rapicovariation may itself lie solely due to mechanical jarring. 
Text high a watt-density cjoitc may cause cavhon blushes to glow. 
luuNhis must be avoided as causing deterioration of their surface, 
but comparatively low values of the cunent-ileiisily, if arennipallicd 
by voltages increasing roughly in inverse pioporlinn to the eurrent, 
will still suffice to produce injurious sparking Tin- slight mechanical 
chattering of the brushes as ltiodr.ying their true steady contact- 
resistance, and the effect of rapid current variation, arc therefore 
in combination the primaly causes of the sparking dilUculty. 

A calculation of the total energy which may have i i lie expended 
in the spark at the moment of opening the short-circuit of a section 
suggests itself, in the lifst plan-, as a gindijlo the relative merits of 
different machines. Hr, the instantaneous 1M). txdwcen the 
leading sector and brush-lip at any time after the rupture of the 
true (-.out let resistance, and tj I hi currrlit then passing through 
the leading sector, the energy ex]x ttded in the spark during the 


time t for which it lasts is f' r,f, i It. Kxpelimciit indicates that 

| ^ * *1 

the mean power / r,i. Jt ]x-r cut. width of brush-lip is of the order 

I - i • 


of 5 to 25 watts and should not exceed lit watts per cm. if the 


sparking is to be permissible. 1 

When breaking a current in an inductive circuit at a switch, 
(he energy’ stored in virtue of its inductance, vi y..J ‘Jidi J v /* 
is liberated and V cxjiendcd partly over the resistance of the circuit 
and partly in the spark or arc between the blade and jaws of the 
switch. The case ol a dynamo >n which the current i in the leading 
short-circuited section is over-reveiscd to some valtuyj -f- », exceed¬ 
ing the hill value J is flten analogous. At the moment of rupture 
of the true cot)tact-resistance before the spark appears when the 


tip of the hm»h leaves the leading sector, let »,' tx' the value of the * 
additional current; the current in the section under consideration 


1 A. Maid oil, he, tit., p. 193. 
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is then reduced to J in the time i during which the ^rc lasts, and 
the energy Migrated is 1 * 



It is more Ilian simply the amount corresponding to the dis¬ 
appearance ul i/, since the Ilex dile to i,' is linked not only with 
»/ hut also witji /, The wliole ol this energy appears in the spark 
ydion the resistance ol, the circuit is neglected, and 



Hut when the current is under-reversed, the rase is not so simple. 
Mnergy is now absorbed hy the self-iudtidioii, to the amount 



hut this liears no direct rektlioh to the energy expt-mli-cl in the 
spark which is, as it were, in parallel with the absorbing circuit 
and is only the intermediate mechanism through which energy is 
enabled to be supplied I> the section. It is not therefore {xissiblc 
in this rase to lay down any general rule expressing the magnitude 
of the energy cx[X'iided in the spark or tilth damage done to the 
fHiinngator in terms of the energy mpiirrd to be stored under given 
conditions of mal adjustment. It tail only la: approximately 
estimated for cacti special case, and great variations may exist. 
A. Maudiiit 1 has shown that in the case of the negative brushes 
after the rupture of the true contact surface ;js the brush-tip leaves 
the trailing edge of the leading sector, the first action while it passes 
over the mica is lo draw out the are lo a length proportional to the 
time of passing over the thickness of a mica strip. During this 
time the spark shows the usual characteristics of an arc, namely, 
a resistance that varies inversely to the current am) directly as 
the length. Since here tlifc current decreases linearly with the 
time and at the same lime the arc lengthens in proportion to the 
time, the resistance rises ntpidly, and its i:urve t is practically a 
hyperbola, so that the I’.l): risl san proportion to the time. 

Hut this may not exhaust the action: the spark may pass across 
the mica to the leading edge of the' trailing sector, thus still further 
extending tlic period of virtual short-circuit. This arc jioes not 
lengthen with time and only slow ly becomes extinguished; further 
it appears to lie es[>ecially harmful. This affords a powerful argu¬ 
ment in favour of tluck mica strips, and J. Burke 1 has emphasised 

1 £«•. til., ]'p. tan, 218. ' > 

• Trans. Amn. I.E.E.. Vol 34 Part III. p. 2418 (1911). 
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the advantage to be gained in critical cases from the use of thick 
ime* strips. * * 

But in all cases,the uncertainty in the calculation gf i,' renders it 
practically impossible thence to deduce the energy expanded in 
the spark. 

| 29. Practical voltage criterion of sparking. Abandoning, 
therefore, the calculation of the energy as the prnilnet of voltage and 
eurrent, we must perforce fall lurk ii|>oji the calculation of a Voltage 
only, and in the first pi,(tv the final value <>1 the djffctcnrr of J'oten- 
tial lid wish the briisli-lip and Ihe leaving sector suggests itself ai 
a criterion of spathing. In a dynamo which has been Imilt and ran 
be tested ily: curve oT brush jkiIi ntial relatively tovhe conmmtatur 
doesi'iiabhais to gain much mfoiio.ilion as In Ihe probable behaviour 
of the machine in regard to sparking, and a maximum limit of It 
to 4 atolls between eoimmilatnr ami brush is a valuable guide. 

But even such a rule may leipiire to !*■ «oiisiderably modified 
according to the absolute value of the current as the other factor 
whirl) determines the energy rxjicmksL By means of oscillographic 
experiments. Professor b. <1. Iluilv and \V. S H t'legliorne 1 have 
measured the actual sparking KM, b. beiween brush aiidroimmitator 
at the last niMUienl, and have found such values as !5 to 20 volts 
with carbon brushes without very violent sjlaikinc Moreover, 
there remains a very similar object ion to (li.it whiih meets 'is in an 
attempt to ealeulale rue energy of the spajk ; during the process 
of design a calculation of the final sparking potential, even if only 
approximate, mjuires that we should know tin- emit art -resistance 
R k :is depeinleut upon the ctlcclive rurrenI density, and also . 
But R t is extreim lv vutinhlc at briisfies of ililfeient sign, esjM'rially 
under high leui]Kiat"res and when sparking is likely to occur, 
• while the value of is not easy of calculation, owing to the 
difficulty of predicting the damping effect of other short-circuited 
coils, especially when nut situate*! in the same slot. 

Finally, therefore, we tire led to adopt as a criterion of sparking 
a more easily calculated (piunlity A1-. or the additional K.M.F. set 
up lictween the outer seniors lying at the extreme edges of the brush, 
so far as commutation departs (rum the straight-line law. To the 
importance of thi* ipiunlitv I’m lessor Arnold lias dim fed especial 
attention. 1 To it is due the difference ui llic potentials lictween the 
brush and the trailing and leading sectors at its two edges. 

| 80. The shape of the potential, cone. The processes which 
arc oecurung in the sliorV-circuited coils are brought to light by the 
shaoe of the curve which is obtained by plotting the difference of 

■ Joun. I.E’.H . V.,l 38. p. I«3; if. Tjska, E T Z Vol. 30 ( pp. 82 4. 

1 "The Corn)nutation nt I).n a anil AUi-rnatuig Currents," by I'M. E. 
Arnold and J^L. La 1 Cour, Ttant. InUrn. FArctr Cnnrreit, Si. Luuu (1904), 
*-1 1 _ » 
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potential between brush and commutator for a number of points 
along the face of (tie brush. 1 When the current is com muted* at a 
uniform rate,, and >, is throughout = 0, such ,a potential curve 
th-amic* a straight line at a uniform height above the zero fine at 
the positive or lielow at the negative brush, the brush itself being 
in each case reckoned as at zero potential (Fig. 347); this height 
rorrusjxmds to the normal loss of volts due to the passage of 2/ 
over the resistance of contact. Hut when additional currents are 


* ?oUt)tU! of uonaulitor UpraUtlon 
Tolti bniih 4®neral«. 
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also fhnVing, the straight line is deformed ; generally s[ieaking, one 
end rises anil the other sinks, and the result is a more or less bowed 
curve, either convhx oreniuMve to the axis, the latter mure especially 
with eommutating poles, With every change m the conditions the 
curve of the commutator potential changes its shape, so that we 1 
have the elniraeteristic shapes^of Figs. 366-369, corres[nunl)ng to 
the four eases of Figs. 351 354.. With simply Retarded or accelerated 
commutation in a generator the cw ve is bowed, rising in the former 
case (Fig.;366) anti sinking in the latter (Fig 367) ; but if the 
current is, either'increased above (■ J or over-reversed ?o a value 
exceeding - J, the curve crosses tlic zero line (Figs. 368-369), 
and the direction ,of the ]N)tetVial difference chahgcs, since the 

1 ^i>r means for taking readings of (!»: voltage betw*?eii brush and com¬ 
mutator, Mika Walker, The Diagnosing a/ Troubles Vn Llecincai Machines, 
p . 3S6. \ ‘ 
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actual current is in different directions under the same brush. But 
in every case, unless the commutation is first retarded and then 
accelerated (Fig. WO), or victversa, so that the twtyraurs practically 
balance one another, one end of the •urve rises and the uthgr sinks ; 
on the whole, therefore, the curve is inclined, and the greater the 
error in the field, the steeper the slujie Tin re thus arises a difference 
of potential A/> lietwevn the two sectors situated at the extreme 
edges of the blush, i.t. A p. the algebraic difference of the [xitenlit! 



H7<). KrLirddtinii (nilituvtl lit: H71 l*i L:aI«& at ii«j load mi 111 
by tu, witk* <»ti Itin* of syutiiu-try. 


at (he two edges in the cast' of.u wide brush " I wring several sectors, 
is pruclically a definite quantity de|»-iuting nj»m the load and 

Jxjsilinu of tin brushes. When the curve i.? ,nrlc-iili.il departs from 


Tsltt 



Pic. * 17 -.- iVUf:;li,i!s ;,t nrefisel with brushes 

in llilll lo.it l ptfijlioii. 


a uniform level, if a horizontal line he found siirh that it encloses 
equal areas on either side of t|ie curv Its height above the zero line 
measures the nnrfnal loss of volts due lo the passage of the normal 
current with the resistance of the Parlxm in its modified condition 
as determined by llui effectyj^durrent-tlensily under the brush. 
The special case of commutation first retarded ami lljgn accelerated 
as found *in a non-coinrvftjt a ting-pole generator at no-load witk the 
brushes fixed in the geometrical centre, gives such a curve as Fig. 371, 
while if the bushes art- fixed in tfie correct position, say for half-load, 
and so are too far forward at no-load) we havtf Fig. 372; ; i) Ijoth of 
these cases )t will, be seen that equal areas arc enclosed witH the 
tero line. «ince there is practically no normal current passing. 
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Next, the potential curve is itself flatter than the^E.M.F. curve 
to which it is’due, since the latter also contains the ohmic dropfover 
the resist a no* of the coils and their commutator connectors. The 
drop of, volts across the sub*ante of the carbon brush itself is 
practically negligible. Corresponding, therefore, to the difference 
of potential A/> between the sectors at the extreme edges of the 
brush, there is a still greater difference of K.M.F. AE acting through 
Hie coils, and the curvy of the K.M.F. impressed by the incorrect 
liehl is steeper than tliat of the potential. The system of i t currents 
is therefore primarily dependent upon the quantity A£, and this 
may be regarded as constant in point of time wiien several sectors 
are covered by the brush. It is certainly an experimental fact that 
the stcqicr the gradient of the curve of jxitential between brush and 
commutator, i.r. the greater the value of \p, the more the likelihood 
of sparking, so that the magnitude of the quantity A/: wilFserve 
indirectly as the required criterion uf sparklessness in the design 
of a dynamo . 1 

The rmiulxT ol coilsvnmyrned in the production of A E is not 
simply equal to the number of adjacent sections simultaneously 
short-circuited by the brush width, but also is proportional to the 
reciprocal ol the creep m, i.e. to /i/<t, so that, e.g. in the simple 
wave-wound armature 71 coils lie in series I at ween two adjacent 
sectors i touched by the brush ; it may therefore t>c expressed 
generally 5 ns ( ‘ 



where the ( sign indicates that when 1 , — is a fraction, the next 


higher whole number must lie taken, and — may lie either whole or 1 
fractional. , ? 

5 31. The assumption of fixity in the component fields. —If 
6 , - b„ so much exceeds b and so many sections are simultaneously 
short-circuited that the passage of one sector under a brash, or its 
exit therefrom, may be regarded as taking place instantaneously, 
the armature cross anqier^-lunis which are not short-circuited » 
would remain perfectly cimstqnt and fixed in spate, and so also the 
magnetic cross field to which tljey would give jisc. Under tile same 
conditions the system of currcflfijp.in the simultaneously short- 
circuited coils, and their magnetic field would also become fixed in 
space. 5 The component K.M.F.'s set up Anikin the shorf-circuited 


- * 

1 Cp. C. E. Wilson in discussion on B. G. Umme’s paper cm Commutation, 
Tram. A met. LEE., \pl 30, Rirt 111* p. 2423. 

1 Ahnolcf, /)« GleicbstnmmascJiint, V<>1. t, pp. 463-4 (2nd edit.). 

1 Any fluxswing due to the presence of teeth aiu^slut ownings in the 
toothed armature is m the present section disregarded. • • 
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coils could then be traced by considering them as due to (1) rotation 
through the external field from commutating poles or from the main 
excitation as modified by any direct or back reactdue to an 
angle of lead, ( 2 ) rotatiun through ttjp cross field ll^ due to yie cross 
effect of the remaining full-current armature turns, yielding c g , and 
(3) rotation through the stationary field due to their own current- 
turns, yielding e,. A possible rase of this occurs when the commuta¬ 
tion proceeds *proport i oil a t el y to the time or is truly linear;' the 
constant self and unit unity induced E.M.F. is then { f t H, ff)'l}\T 
which would equally lie given by movcmonf through a constant* 
field of uniform density fixed in space. Now item {2) may lx: 
grouped wit\j ( 1 ) sn fli.U, as in !;$ 16 and Yf.fi/) Ik the impressed 
K M. !■' duo to the field resulting (mill the main excitation and 
armature ampere-turns so far as lin y are not short-circuited; 
or itewi (2) may lie grouped with (3) as arising (nun the field 
due to all the angiere-turns of the armature, both shorl-cirniited 
and not short-circuited In either case the same result is 
reached. t • 

Hut now, if we pass to the opposite extreme, when ft, ft„ - A, 
and only one section is short* imiited at a brush, the axis of the 
cross ampere-turils which are not short rirniilctl advances during 
the period uf commutation through the a^jle corresponding to a 
passage of a sector past a fixed point or edge,of a Imisl* This 
leads to very little dil'tereiirc in the distribution of the armature 
field under the poles, Imt it does lead to a slightly different distribu-” 
tion of the field within the inteipolar gap, and this in effect amounts 
to the cross field near the short-circuited coils lining Carrie^roufill 
with the armatiire ; consequently so far there is no K.M.K. e r 1 
But now if the curronUhas not been commuted up to J at the end 
•of short-circuit, it is abruptly and forcibly com muted with occurrence 
of a spark, and at the same moment the original distribution of the 
cross ampere-turns not short-circuited is reproduced, so tjiat the 
cross field swings hack abruptly' and Sets up an additional K.M.F. 
assisting the spark. This K.M.K. r, is then a m*ire ur less sudden 
effect, and is not the same as that due to steady movement through 
m B t . Of course, so far as the current-change is linear, the displace¬ 
ment of tlie crust* field is only the difference between its forward 
movement doe to dotation and its t*i?kwfird movement due to the 
variation of the ampere-turns in the short-circuited sections, and 
when the current-change is jxrrfcctly linear, then again even with 
6 i - ft„, < i we can return to the same components as above with 
( in term (3), or with thc^tutal armature field‘due to all 

turns as hxeiijn space. 

Now the usual case of, A 1 -ft„*> 3A lies intermediate Jx-tween 
§ * • 

1 Mauduit. Jittheraiiei Expirimentalei, el TMortques jar la Commutation, 
pi 282. • / 
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■ the two ; the spaced variation of the cross field B, is only that due 
to the continual entries and exits of one sector, the peliod of osfcilla- 
tion of the crjiss field being shorter, and its amplitude less in pro¬ 
portion the (ital number qf coils short-circuited. The amount 
of the back E.M.l 1 '. added by tlie abrupt swinging back of the 
rniss field is, however, practically impossible of calculation, and 
in this lies one of the difficulties of devising any formula 
whhfh will completely express the conditions that may lead to 
sparking. ' ' 

' Thu best prarticnlliasis therefore is probably to assume that the. 
change of current actually is linear, and that the short-circuited 
coils endowed U'itJj ilidticlaiicc 7-f-i ‘J./Y ate moving througli a 
stationary external Held and a stationary cross held of density B a 
which together yield /(/). 

f 32. The calculation of AE. -In regard to the quantity AE, 
a marked distinct ion exists bcl ween the two cases (A) when cniiimu- 
talion is due mainly or wholly to an actual reversing held suited 
to different loads and vhtamed either by so shitting the brushes 
as to reach such a Held or by means of special (commutating) 
poles, and (11) when the brushes must lie retained in some one 
fixed position without the assistance of commutating poles, and 
commutation is as it lore " forced" by the action of the brush 
contact,, resistance^ 

In either ease, for perfect commutation in a straight line, the 
*'E.M.F t . to be impressed on tin: coil by the resultant external field 
should be from equation (18ll)— 


/(<), 


V 


r? 



Further, if a drum coil is moving in any field of density B which 
holds over the length L of one aitive inducing side in centimetres, 
the E.lt.F. actually produced in Ibat one coil-side is wBLvX 10' 8 
volts where v is its peripheral speed in centimetres per second and 
w = ZfLC. ' 

The several alternatives under case (A) are then as follows— 

A (!).— ■}« a dynamo u/ibiout commutating pol:s. let B, = tlie 
density of the main symmetrical field at the given brush position 
which would result from the field excitation. 'Let B, = tlie density 
at the same brush position which would he due to all tlie ampere- 
turcs of the armature which are not s)ion-circuited and svluch are 
therefore carrying the full current J. Then each side of tlie drum 
coil (assumed to be full-pitch) is moving through a,similar field of 
density ft =< B„-)-B; over it? wlfole length, and for the coil as a 
whole * 

/(/) =• 2ie {Bj+B,) J.vx 10 8 volts *. 
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Equating this to /(<),, we find that for perfect commutation the 
correVt value of B, is * . 


. ( 192 ) 

a negative or reversing effect as 


This, on the whole, must yield 
shown by the negative sign. 

A. {ii) -Vfith coinmnfpliug polea. ■ t 

(n) If these are as many in numlx-r as there are main poles, and* 
their axial length J. r is equal to the length of llu: armature core 
L, B — fl f , the density of the reversing tins, ^ml for perfect 
commutatiqp 

-r--\ *(? i)\- • • w 


a. 


(!>) ff I. r • I., then over the length I. in each intetpolar 
gap the armature or cross induction /f g again holds, and 




r.. i j 


4- 



lu± T vx 10*{ 
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(c) If there ale only 
arc main poles 


B r . 


half as many commutating pole-, as there 


' 2/ 


JL 

,, 21. 7,1 

I ». - , 

tm T „ 

J?I.,VY 10'* 

T 1 

\r -) \ 


Neglecting, then, the ohmic resistance term and its variatiigi 
with time as of comparatively small influence, if either It, fit H, is 
on the whole of suchmuni as to Ixilanee the inductive voltage 
.( '/+£■ ff)2JjT and the cross field if present, the only remaining 
cause that may still set up sparking lies in the difficulty of securing 
such exact grading of the Reversing field as to suit I he true variations 
ofy + E. ff. Both It „ and It, vary as movement of the coil proceeds 
by rotation, and so also does.7 + E- ff not only as the distance from 
the main pole-tip or commutating pole-face vanes, but also from 
the different location of the short-circuited coils on either side or all 
^on one side of thjp considereB coil with which they are linked by 
mutual inductance. An average r»t* ot. change of the current or 
{S' + Eff)2JjT with . v -f £. ff. tegarded as constant, and an 
average adjustment of the reversing field is all that can he taken into 
account. .The divergence from the ideal condition .is at caeli 
moment the difference between the real j(t) and the required f(t) c , 
and if each o{ the C* coils acted ujidn between the edges of a brush 
happened to be exactly similarly affeejed, (he total E.M.K. between 
the two sectors at the exlrenrc edges of the brush would Be ’. 

’ c*!/w«-/(<)} = AH, 
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Its actual amount hardly, however, admits of practical calculation; 
it can only be said that the greater the necessary value of B r or 
of the angle of Icjad when the brushes are shifted, the greater the 
difficulty of obtaining a balarce between the reversing and the 
inductive voltages, so that under all conditions of load \E may 
remain — 0. 

But in case (If) with the brushes fixed in one position and without 
the assistance of aimiMilatinp poles, a more definite calculation of 
A/s can Ik; made, 

(1) If the fixed jxisilion corresponds exactly to the intcrpolar line 
of symmetry, i.r. to the no-load position, then irt full-load there is 
present in each Mlost-circuited coil an K.M.l 1 '. in the wrong direction 
from It,, ami also an K.M.l', in lhe same incorrect direction from 
the inductance. These must cause the difference of K.M.F. between 
the hrusti and sectors at its two edges, and as a first approximation 
it is sufficiently accurate to assume that at full-kind the inclined curve 
of K.M.K. Iietween brush and commutator rises in a straight line. 
If lie reckoned for a {mint {uid way between lbe edge of the brush 
and its centre, the latter being also in our present case the 
geometrical centre between the polcsean average value is obtained 
for the K.M.l*'. due to the cross field, which each short-circuited coil 
may he assumed to gift: throughout the period of commutation, 
namely, 'Ih'ltj.v x, 10 "* volts. 

The K.M.l*', therefrom summed up lietwedn the edges of a brush 
Throng'll the C t coils will be times that of a single coil, and 
similarly the total for the a vet age K.M.l*’. from the self and 
niutualjminetance will lie f,’ k ( '/ \- A’. //}'2JjT. 

The ohmic resistance term which should lie present for ideal 
coiiimiitatioii rises as an inclined straight lint from JR to - JR, 
changing sign midway during the |n*riod of commutation, t.c. under 
the centre of the brush, bo also the small symnietrieal field which 
is present changes its sign midway under (he brush and is similar on 
cither side of the centre. Hence, whatever the degree of divergence 
lietwmi these twc. for mi^ point on the one side of the centre, 
tlie same divergence but in the opposite direction exists at the 
corresponding point on thoSrther sic Ip This imbalanced K.M.K., 
equal in amount but in opposite directions through the roils at 
each end of the short-circuited group, does not come into con¬ 
sideration from the present {mint of view, since it is only an K.M.l*. 
in the same series direction through all the C k coils, corresponding 
to a^pennahent curve of volts between bAisb and sectors inclined 
to the axis, with which we arp concerned. Hence, the effccUof 
any divergence between the ohmic resistance and t!v> symmetrical 
field, ,wly*n t.ummed up between the Hunts of the brush edges, 
cancf-ls out, and we are left with the Inductive apd crop volts only 
to cause At - , 
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The total difference of E.M.F. between sectors and brush at the 
two extreme €dges is therefore at full loisl with brushes fixed in the 
geometrical centrj t 

Ah’, - C.p' T ^ ( "iik'BJ.v x 10 rolls . * (196) 

J ; or purposes of comparison tie tween different machines it will he 
sufficiently accurate to determine l\ fur the actual centre between 
tl,e pules from the approximate equation , 

_ 1-257 m]/Up 
s-r I- A7„ 

(2) But if,,tile brusTies may lx* fixed at the po-ilio.i correspuiuling 
to inilf-loaik or /'-. and it is assumed th.it SI: then completely 
disappears with current 7/2, and armature lichl-deti-.itv BJ‘2, the 
value <uf the initial reversing field U„ from tin- main exntalion 
must be 


J J j ' 

[/Aef.e ■ 111 "I 



Tills negative field now persists at no-load, although practically no 
reversing field is required. If l\ is raleulated fur tull-load and for 
a point under the rentnt <’/ tfu‘ brush, tl it, aiialocotisly to the 
jirevious ease, the average value of the incorrect I'..M l', is 

x-n 




irISJx x m 




since, when summed up Ixdwecn the extreme limits of the brush 
width, the inaeeuraeies due to the ohmic resistance camel out. 
Hence 


Mi, 


-e.j 


/■{ 


r .") 


] '• It) 1 * volts (197) 


On the other hand, at fill I-load tlu‘reversing field should be doubled, 
so that A/; 3 has the same value, but-is jxisitive. 

Thus the numerical value of Mi t for constant .field-excitation is 
approximately the same at full and at no-load. In practice, with a 
shunt-wound machine the degree of inowrei tness is underestimated, 
since the negativc^rc versing field is at un load slightly increased by 
the absence of tin back ampere-turns i.flinlf-load, and at full-load 
is weakened by the increase of lift 1 hack niniierc-turns; on tliu 
other Iiand, with com pound-wmind machines the conditions are 
consideraljy more favourable for the reverse reason. * . 

It will be seen that the amount of At’is practically halved in 
case (2) as compared with the case of "brushes fixed at the geometrical 
centre, although it must be remembered that, owing to the angle 
of lead in case (1), B, is slightly larger than in the first case. 

.Of the tw, At', is the more readily calculated, since it docs not 

»—(joss,; 
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require a preliminary determination of B„ in the correct brush 
position for hatf-Ioad. The term -f 2’. /f of a drum coilws by 
• equation (W) 

A,k -f2/Tj x 10-» 

Hence if A a is expressed in terms of the ampere-conductors per pole 

1*257 JCwj'lp , . . . . 

as- .. — ... —, and » in terms or the armature diameter in centi- 

. ft i Af„ 

metres and rcvolutioift per minute, i.e. as wDjV/RO, equation (196) 

' becomes * < 

A/- 2 rtnW'mW.** _Jl_ CL | 

1 k i (. * T ' 60 ■ £e f Kl, \ 2p ) X 0 

where all dimensions are in centimetres. Finally, with as many 
sets of brushes as there are (xilos, giving 7'its value as in equation 


i, b m 1 


(19(1), namely 


(-;) 


1 1 

seconds, wlurif v t -- -• , and 


tiikuiL! - outside the j I bracket. 
WJ ' ’ t 

A/;', -- 0*1047 C k tt*J&' f !1 ' 


■ y {/(A,*f A,H 2fT| 

Tl) 


cn 

+ & i A7„ X 2/> J X 10 


\ir, saj 




---.-a-, . a . x|t*a-;-! 

[*• ,,J T >) 

. 4ir I) . CL'] •* 

f fc rA7 B X 27j ; < 10 ° wU - ■ (‘98) 

Since in each part of llie expression there is a ratio of two lengths, 

/>, , /) 

, .and. can be calculated in inches, and 

• / u\ ijc -f A/ 


only /. and /(A, -| A s ) -|- 2/ A' need he found in C.G.S. units. 
The difference lietween I. .uiU l suggested by the use of different 
symbols is made for the reason mentioned at the end of § 24(4). 

{ 33. The permissible value 0 ! AE, or the sparking linjjt of 
output.* —With metallic brushes, say, 01 copper gajtre, so feeble is 
the action mf their con tact-resist a nee. tlyit, roughly speaking, there 
mast lx* a reversing field of value suited to each load ; in other 
words. At' must very needy = 0. This implies citiler that there 
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must be commutating poles present, or that the brashes must be 
shifted into & reversing field, and the vtant of exact balance must 
be confined within quite small limits, with a variation of, say, not 
more than 20 per cent., or 10 per cent, on either side of tl^ correct, 
load for the given brush posiliun. Further, it implies that the 
armature core mast almost necessarily be smooth, so that. y -j- 2’ /( 
may not be increased by cinbcdiling the wires in iron. 

But with carbon brushes, which are a practical necessity With 
slotted armatures, a much greater inaccuracy of adjustment may 
be allowed, and as a practical limit which will secure sparklcss 
commutation undar average conditions with carlxrn brushes of 
fairly high resistance may lie given * 

• Ah' £ 4 io 5 volts. 

We are thus met with a olndition for sparklessntss which, entirely 
apart from any qmstinii of heating, may limit the maximum 
current that can tie passed through an armature, and therefore for 
a given speed of rotation and voltage may limit the output of the 
machine. Again it is seen from equation (19#) how advantageous 
from the point of view of sparking is the multi [solar machine, by 
reason primarily of the reduction of the inductive volts per section 
which it renders possible when the arm tture current is large. 
Willi the lap-wound armature and nnc-lnrn coils (a' •1). by the 
passage from a smaller to a larger number of poles, / can always lx: 
proportionately reduced until its value is reasonable, even though 
the product ]/. or the amjtcre-roinlijclors on the armature remain 
the same. 

With carbon brushes and under the above limitation for A/:, 
a fixed brush position becomes possible both with and without 
commutating poles, although with less ease in the latter ease. With 
commutating pules, the want of balance between tile reversing volts 
and the inductive volts itliould n^vvr exceed 4 lo a volts (cf>. § 42 
and Figs. 374 5). Without commutating poles and with the brushes 
advanced half-way towards the correct position for full-load and 
fixed thereat for all loads, the condition 

A/f. • 4 lo 5 iftdls 

z • 

Ls obtainable. * t 

If the brushes have in fact to ho fixed in the geometrical centre 
at all loads, AE, should strictly .not exceed the same amount, but 
under this more stringent cose some greater latitude has usually 
to be allowed, and we have, say, * 

AE, ^ 6 to tJ volts, 

preferably accompanied by the employment o» liardei bn sly*. 

It has been stated that ziE, is the more readily calculated 
quantity, so that finally it will be adopted as the criterion for the 
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non-commutating-pole machine, and equation (198) must not be 
\omtv4\.o yield more than 6 to 8 volts. Even when th? brushes'!,,.;;/ 
be continuously flatted or may be set at tht position for halt-load, 
so that commutation need not,)*; entirely " forced,” the calculation 
of A/tj serves as a practical guide to the pood or bad qualities of 
the dynamo as regards spark less ness, since it is a measure of the 
wav/mnm voltage that the brushes will be called upon to correct, 
should tlwy receive no adjustment to suit different loads, in fact, 
according to "the circ wont antes of the fuse Ak\ may be given 
different values, although in every case the ideal should be to 
rcduca it to the lowest possible amount. * 

In the dynaAio with commutating poles, il/i, would only arise 
if for some reason the winding of the commutating J»dcs Itecame 
short-cireuiled and their excitation ceased ; its value by equation 
(1 98) would then lie exceeded owing to the presence of the iron 
commutating piles immediately above the* armature poles arid 
almve the short -circuited coil-sides. Vet even with commutating 
poles and apart from the ij'monua! possibility above mentioned, 
the value of A!:, may lie adopted as a quantitative criterion tor 
comparative purposes, it (lie second term of (198) dealing with the 
cross tield is omitted when there are as many commutating as main 
polar ami ot equal axial length. If of shorter axial length, for I. is 


to be substituted^ - , and if there 

1 i 


commutating as there arc main piles 


'll. 


I. 


aonly half as many 
-- is to be substituted. 


'Fhe Injures thus obtained are a measure of the density that the 
reversing field must reach. 

In considering the limits laid down for i}/: a or A/:',, in relation 
to the maximum corrective action that illny lie cXp'Cted from, 
carbon brushes, it must lie remembered that A p is less, that it 
may at. least jiarlially tie. dividefi between ttie toe and heel of the 
bnislt, and further, that 1 ) A'- ff has lieen calculated at its 
maximum possibly value so as to lx; mi the safe side. 

{ 34. The separate factors influencing sparking. — Although 
equation (,198) is only indirect ly applicable as a criterion in the case, 
ol machines with conmmtajing poles, yet in Mil eases from an 
examination of it a elear idea,Van lie gained of the various factors 
upon which the sparkless miming of a dynamo chiefly rests. The 
same essential relations may be expressed in many other ways, 
huP when analysed they will always 1* found to resolve themselves 
into the combined effect of .two fundamental factors, the (first 
dqiending lipm the self and mutual inductance tV»a section and 
the puiibef sinmlhmeously'short-circuited, and the second upon 
the cross field or the magnetic effect of the, armature ampere¬ 
conductors per pole so tat as the short-circuited sections are nbt 
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covered by a commutating pole. The sum of their effects across 
the *idth of dP brush must be so closely balanced by the voltage from 
the external field through which the coils are ywing that the 
divergence between the two, AE,.)iever exceeds a ecrbyii small 
number of volts. It remains to consider how far it is possible for 
the designer, within the limits imposed by the requirements of 
commercial economy, to influence favourably the values of the 
different items. ' ► 

The disadvantage of uliigli (XTiphcral sjiccd, whet I At of armature 
coil or of conumitalor, is at once evident. KsjxTially is this dis¬ 
advantageous in tne ease of the commutator, 1 and herein lies the 
difficulty of the design of continuous-current ijviifiiuns for direct 
coupling towteani turbines, since the inductive voltage reaches such 
high values that serial devices to senire more favourable conditions 
Ixiconw imperative. There is, too, a limit to tile output of kilowatts 
which can lie satisfactorily reached with each voltage, although 
opinions may differ widely as to the exact point at which sparking 
sets a limit to the possible si/e of thc^naefciiic. - 

As regards the number of revolutions per minute, the designer lias 
in almost all easts to urminniiwhite his design to the requirements of 
the prime mover, so that A’ is virtually fixed. The quotient of the 
watts of output divided by the levolllliolis^wr niimi’e is therefore 
the fiindaniental datum of the design. As wj]l lx: explained ill 
t liapter XXIf, the giv9n value of this very important ratio, even 
apart from any oilier considerations, necessitates a certain minimum" 
value for the product of the square of the diameter and of the length 
of the armature core, i.f. of I) 1 !., in order to comply wilj) usual 
healing conditions. Although the division of the product into its 
two factors is not thereby prescribed, the designer is now, generally 
•speaking, enabled by reference to standard sizes and patterns to 
decide simultaneously the most suitable number of poles anil type 
of winding in accordance with the principles of $ 17, Chapter XII, 
and thence the separate dimensions D and These will lie chosen 
so that J is neither unreasonably high nor unreasonably low, and 
so that the iiiimlxT of turns jxt end or re , which is a most 

^important factor of the whole expressttm, may, if [xissihle, be re¬ 
duced to 1 or retailed at that value. With a simplex hip armature 
although by an increase in the mini bet of* poles Z is proportionally 
increased, the munlrer of turns tx;r section or Z.j'lC can at least 

i Kotaryconverters lor .50fre,plenty and high voltages, willi an nrdiiy.ry 
oimmutatnr without shrink rings, may havr to work with a peripheral 
velocity of commutator rxi Ceding Stilt) or ovro 8000 ft. per nun. Hut such 
speeds have not iQ general to be ntet ill unit i nun use litre 111 generators, unless 
driven dircctlv by steam-turbines, ’. , 

a a . 

* Cp S. Scustius, " 1Jnutations.-in Direct Current Machine Design, and 
the fiillowing discussion, Tram, .finer. I E li, Vul. 24. p, W89 : and (“to). W. 
Kfcmmer, .V stiver Kir It. Perrin Dultcttn (I92l|, l.'ith ) ear, No, 9. 
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theoretically be still maintained at the same value by proportionally 
increasing (he number of commutator sectors. There are, however, 
practical limits 1(f)! h to the decrease of J and to the increase of C. 
On this account J in practice ,averages from 150-200, and seldom 
exceeds 1100 amjiercs even in low-voltage machines, unless commu¬ 
tating ]X)les arc fitted, in which cast: it may lie raised as high as 
400 500 under favourable conditions. Next, constructional con¬ 
siderations from the size of the armature limit the greatest diameter 
Hint the coimhutatnr can conveniently halve, and on the score of 
expense, of brush friction, and of commutator ]»ripheral speed, 
the smallest convenient diameter will so far as possible be adhered 
to. Hut now it- is evident that though it is always most desirable 
to bring w down to its limiting value of 1, when each soution of the 
drum winding consists only of a single turn, this will not be attain¬ 
able when t rl>,/(', the pitch of a sector, becomes too small. As 
already stated in Chapter XI [, tj 17 (3), there is*a minimum thickness 
of sector which p rmils of satisfactory connexion to the armature 
winding by a log soldered iijto a saw-cut or riveted to tiro side of 
the sector. Hence if / is to start with, or is made, low, it may 
become necessary to pass to w 2, or - 4, and so on. At each of 
these critical stages the designer must consider the possibility of 
sligli/ly modifying theMiincnsions so as still to be able to retain 
the lower value yf m 1 ; or the effect of adopting a wave 
instead of a lap winding must be tried ort the lines laid down in 
’Chapter XII, |i 17. ‘ 

The width of the brush b t may be regarded as to some extent 
Upon iq modification at will, but it must lie one or other of a few 
standard sizes, and it must l«- such that the full or ryeer-load current 
can lie collected without overheating and without an unduly long 
and expensive commutator, I'utltuT, the introduction of the' 
multiplier (\. in the criterion of sparking,lias the effect of limiting 
the possible use of very wide brushes. * Assuming any given com¬ 
mutator, speed and value of C, an increase in the width of the 
brushes increases the number of coils simultaneously short-circuited 
and also the time of commutation nearly in the same proportion, 

(' /’ » f 

so that thtf ratio — or , r 4- remains tbc same. On the other hand, 1 

1 6 > . 

' -I X. {/, or /(7j -|- Aj) -(• ’M'X, is increased, proportionately when 
the additional .short-circuited coils are in the same slot, but not 
proportionately when they are distributed over more than one slot 
in each interpolar region. Rut in citlier case the totaT inductive 
voltage across the width of a brush must be greater, and also*thc 
cross field voltage which increases with C t . It thus 'results that 5, 
practically Wcomes fixed. ' < 

1 Cp. Miles Walker, The IHaettasiiuc at 7>ewWer II Electric at Machines, 
jsp. M2 1. > ♦ 
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If then ft, is fixed, and D c is near its minimum value, but it is still 
opentto the designer to reduce the vahte*of if from, say, 2 to 1, or 
from 3 to 2 by inetjease of C, without the pitch of the sectors becom¬ 
ing mechanically too small, C t w remains constant, fmt /(A, A,) + 

2 l‘P increases owing to tlie inrrcasc in the value of j„,)' so that 
there may lx.- no great difference in the total value of <>*}/(A, + 
A 2 ) + 2 TP j. There would not then appear to lx- any advantage in 
adopting the higher value of C or lower value of and in 'this 
respect equation (1981 fails to rcprvsrul the irile fart* The reason 
is that it is based on a uniform rate of change in all cods, but actually* 
liierc may !>e considerable divergence from the supposed uniform 
rate. The of thf coil with, say. only half the t irns of another 
coil is theii«nly one quarter as great, and ils inductive effect itjxin 
exit from short-circuit with the additional current i.’ flowing 
in it is far less destructive! A reduction of le therefore always 
takes precedence as a means of reduring sparking, and such a 
condition must accompany the inferences that may In drawn 
from equation (198). 

Next, if / and »;» have practicable values, but to accommodate 
the chosen nuiiilxr o{ sectors C, the diameter of the commutator 
must lx: increased above the minimum, it will lie observed that 
although P r is inereased. ( t is reduced to a given linisti width, 
and also /(A, j- A,) I 2/‘A', so that the balance of advantage still 
lies with the larger mv.aber of sectors, until the size and rost of 
the commutator, its high peripheral sjiml, and friction loss become 
prohibitive. 

ihus tlie control of the various sparking factors for a presciiln'd 
output in volts and anqieres and a given speed is closely limited 
by various ronsiderat'ons of price and mechanical design, 'flic 
•attention of the designer must lie concentrated on tin: value of 
if Zj'lC, and upon the reduction of /(A, 1- A,) (■ 21'A' by a careful 
disposition of the winding and choice ot slot-pilch. IVvend this, 
at best, only a judicious compromise between many conflicting 
considerations remains open. 

% 36. Importance ol a large number ol sectors. The final 
^result of the examination of tj 34, who Air with or without commu¬ 
tating poles, is therefore to*bring into es[x:eial prominence the 
value of ie as the primary quantity which ran he modified by the 
designer, and it has Ven shown tlfat the extent to which it is 
advantageous to subdivide a given armature winding into a large 
number of*smal! sections X only limited by the questirfh if expepse 
in manufacture and the difficulty of dealing with very thin commu¬ 
tator sectors. . Jhe armatures of closed-circuit machines for high 
pressures of from 500 to 1500 volts necessarily have a considerable 
number of turns per section, since they arc wound with a Targe 
number of active conductors; hence, wen though the current of 
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such machines may !>e comparatively small, special care is required 
to render them sparkless fti working. The practical'limits few the 
value of u? as .related to J have already been givan in Chapter XII, 

5 >7 (4), ' , 

In the case of armatures for large currents at low voltages and 
high speeds, the designer is often met with the difficulty of securing 
the minimum number of commutator sectors per 'pole which is 
advisable, and for which the limiting value has huen set at 15. 
Especially wi.li large bqxilar machines and turbo-dynamos does 
'this dilticdlly arise, since the total number of liars which is required 
may york out to less than HO; yet even with -multipolar designs 
it may also otei r. Iti such eases recourse will' tx: madc,.to multiplex 
windings; the commutation ol the two or more subdivisions of the 
winding under each brush is nut then exactly coincident, lint one 
is always in advance of the other, so that some advantage istained 
in the self and mutual inductance which wilt be somewhat less than 
that of the simple undivided loop. Vet against this advantage 
it must always Ik: Ixirnc in jnind that the time of commutation is 
reduced for the same width of brush as explained in § 27 The 
same reduction in the time of communal ion is equally a disadvantage 
in the adoption of a multiplex wave-wound armature. 

Where a duplex lap sviudiug is to be recommended on account 
of the yaitrity of the number of active conductors and commutator 
bars jior jmle licit olberwise results, an additional precaution for 
'securing equal division'of the current and sparkless running consists 
in the use of separate equalizing ronuexions for two independent 
windings, one set at each end of the armature, and the final inter¬ 
connexion of the two sets of equalizing rings; the /art her end of a 
bar should !x: at the same potential as the ngst commutator sector 
ahead of the one to which the liar is itself attached, and by the above 
device, due to Mr. l<\ 1’iniga, this result is automatically attained at 
a number of joints correspond (fig to tiie number of equalizing 
rings. 1 

A more drastic,solution of the same problem is the adoption 
of a single-wauling with a commutator at either end. the upper 
layers of bars Ix'ing connected at each end to a sector; when the 
brushes are correctly placed, the unit which pass's into and out of 
short-circuit is thereby rt’diuVd from a whole to a half loop, but 
the adjustment of the brush positions at the fwo ends calls lor the 
greatest nicety to secure equal division of the current. Finally, 
by faking out’’commutator connexions at intermediate points along 
each liar through (he air-ducts, each loop can be positively subdivided 
into sections (t f>. Siemens’ patent 11,471 (11)04)). Bpt care must lie 
taken that ;uch connectors do nbt thciqselves add a considerable 
amount of inductance (r/>. Huvniie Dynamo Company’s patent, 

* Joum. I.E.E., Vol. 39. p. (»0. 
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11,701 (1907)), and the proper mechanical support of the leading-out 
wirw> alway.^remains a difhculty. 1 * 

Above the mirymum number of sectors per pole, jay, 15, which 
is advisable to secure steadiness of voltage, and aliove tlie minimum 
which is necessary to bring the average voltage ]x-r sector or 
I" . 2 p 

^ —lx , luw„say, 20 to 25 volts, so that there may be no dashing 

across from sector to sector over the intervening mic a, no rafionnl 
formula for (' in terms of /. ami / ran lie given wliielT will stqx-rsedi: 
as a short-cut the longer oulrtdalion of the average inductive volts 
( / | i’- A’)2y/'/'<or of A/;', of which it forms the chief part... 

It the armature lie*mtilti|>olur and paralh-l-foeiu c u'd, the immlxr 
of slots awl therefore also of seetor.s must he a multiple of the 
numtxT <>( pole-pairs, to permit of equalizing eross-eotmevions 
joining points which should be at true equal poloiitial. 

Ihit even when ( has Urn provisionally decided u|xm, (here 
remains the closely connected cpn'slion of how many sectors or coils 
may be assigned to each slot in the toothed armature, 

§ 36, The number o! ampere-conductors and of sectors per slot.- 
lo 11 lie tootled armature thee concentration ol more than two coil- 
sides ill the same slot is, theoretically speaking, wrong, since with 
a greater number than two the spaced displacement ol the sectors 
is not matched hy alt equal spaced displacement of the Coi's The 
roils are not therefore-* precisely similarly rirrimist.inrcd ill their 
position relatively to the field when short-cimlited. 

Measured oil tile circumference of the! armature, the maximum 
displacement of a coil-side within a slot front its correct position for 
truly uniform distribution Corresponding to that of the commutator 
sectors is 


(* 



(199) 


the assumption being that the centre- coil-side is taken as the correct 
standard, and that the brushes are adjusted to suit this coil-side. 
D and l) r are respectively the diameters of the armature- and coin- 
_ mutator, r is the nnmlx-r of sectors ik* slot e>r halt the numlx-r of 
coil-sides pe’r slot# eind these are assumed to be; arrangcel in two 
layers, and r, is trie distance lietwten life- rent res of two adjacent 
roii-sides in the seinu- slot and in the- same layer. 

In practice the use of a numlier of slots eeptetl to the numlx-r of 
sectors usually involves ftxi great a loss of spare in insulation kind 
toq.slender teeth. The wide tooth which results from grouping 
several cnil-sidjs jx-r layer in the same slot is stronger meclianictdly, 

1 See especially Dr. IVihl, /ew-p. l.li.K ., V-il. 40, p. 2.SO; ami !-niff Mites 
Walker's rema-ks, p. 1*56, anil Oil- latter's Spcaficativn and Design o] Dynamo- 
Electric Machinery, p S17 • 
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and allows bolter ventilation through the core by air-ducts. The 
correspondingly wider slot'has the incidental advantlgc that *the 
slot-inductance; of several coils simultaneously short-circuited in 
the same slot from 1 tile very fact of its width is not so much increased 
as might at first he cx|iecteil The practical advantages, therefore, 
of concentration outweigh the theoretical objections. But such 
concentration must not he pressed too far, since if certain limiting 
Values are exceeded the hiiiclermust sector of each slut, being the 
one t hat is most disadvrinlagcously situated, becomes blackened or 
Atten away by sparking along its trailing edge. Indeed, this defect 



Diameter of annetare Id (Dchei t 

pin, S 71 Ampere-i undue turs per slot in oration to diameter 
of armature. 


is not itifrequcfft in dynamos in Slurb the pressure of economical 
considerations has led to an utulue eoneentration. The nnmlier 
of sections jut slot, must, in fact, he considered in relation to the 
current and mmiU-r of turn' in each coil and other conditions upon 
which the likelihood of sparking (lealends, h’inally, as already 
inelitioncd hi Chapter XIII! tj 34, with straightyuded open slots, 
their width of ojieiung should liut nmch exrccd J'un order that the 
humming noise may not provif object tunable* 

For ordinary voltages front ,100“ to 500 the number of ampere¬ 
conductors pef unit area of slot remains very constant in generators 
of good modern design with toothed armatures, even when of widely 
different size. It ranges from &0U to 1 lik) per square inch of Sot 
area, and otj an average is HXW. The width of an open slot is 
practically limited by the necessity of avoiding cddy-currcnts in 
the pole-pieces even when laminated, and the jiermissible depth ot 
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slot is limited by considerations of inductance, tooth-saturation 
(Chap. XIII;*§39), and healing, There*is therefore a limit to the 
permissible size ctf slot, so that even in large multipplar machines 
its maximum cross-sectional area is about one square inch. In 
small machines the size of slot must necessarily he reduced, and 
the utilization of space is not so good. It tints results that the 
curve connect fug the ampere-conductors per slot with the. diameter 
of armature rises gradually, as shown in l'ig. 373, and approaches 
a maximum of about 100(1 ampere-conductors pel '.slot. 

Practice shows that when such values of the .'illpi-re-Conduct ori^ 
per slot are accompanied by the condilion that J with any,.given 
niimlxtr of turns pet*coil does not exceed (lift limi.s laid down in 
Chapter Xil, (j 17, the difference between roils at tile two edges 
of the slot will not lie so marked as to cause sparking. The rom- 
binatijn of the two comlitiAns leads to the result that for a given 
diameter of armature with any particular value of /, and so of 
the. given turns per coil, one, two, or three as the ease may be, 
there is a mini mu in permissible number o( sectors per slot. Thus 
an armature of 3)’ diameter 

with J < 22-5 aiul 2 lures per toil) must haw at least 5 sri l--rs per slot. 

< So. ami 2 turns per ., 2 

„ 50 up to 21 in, an-1 I turn per o«l „ 2 

An armature of 511* diameter or over 

with J - 50 up to 200, a no -me turn iHTcnit 2 ,, 

It further results from the two conditions tliat there is in practice 
a maximum possible number of sec tors jx-r slot in each ease, which is 
given by the product of the minimum nuiuticr and the jin.nber of 
turns jier coil. It therefore coincides with the minimum numtier 
when J is 50 and there is only one turn per coil, hut for small 
values of / it seldom is reached owing to the consequent size and 
expense of the commutator. Any miinlu r of seeto's per slot larger 
than the minimuin up to the maximum possible, being accompanied 
by the condition that the ampere-conduct-as per slot do not exceed 
the limits of big. 373, is to lie regarded not as a concentration 
of coils into a slot, but rather as a finer subdivision of the winding, 
t and so is to the advantage of the -uadiine. In practice, two 
sections per slot i? the rule for lew voltages and high sjieeds, rising 
to three as the average, and even U> four or live sections per slot 
in machines of high voltage and low speed. 

. 

The Ncin-Commvtatisg-I’oi.b Machine 

j 37. The djmiting number ol ampere-conductors pet pole.— 

In the machine with commutating poles it is si necessary pjirt of 
the design that the excitatiorf of the commutating pole must more 
than counterbalance the armature ampere-conductors on the hall 
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pole-pitch. But without com mutating poles the main field excita¬ 
tion must he relied on to keep in check the cross field of the armature. 
Not only most ^lit density of the main field component - R t at 
the bric^i position counterbalance /?„, hut there must be left in 
reserve a definite reversing field li n . at that spot. The accurate 
calculation of this is given by equation (147) in Chapter XIX, §8 (ti), 
and hy the corresponding expression for the flux-density when y' 
is made equal to c - 

I tut wit Itouf necessarily attempting nnyVx.iel calculation of the 
rlistrihiition of the field throughout the iiiterpolar gap, comparison 
I at wee 11 dilferent designs or lietween dilferent numbers of poles 
may lie made By assuming that in every case the brushes are ad- 
vanred as far as the edge of the leading pole-lip. (or.esponding, 
then, to equation (174) for the density at the trailing [iule-ti|), we 
have for the density under the leading polc-liji 


IT' I -'257 


rr i 4 / ^ i 

' 1 2P\-Z 1 180 


XL 


-1 


Siliee C, is now assumed as 90 ' (1 ft ) 4ml J4,’ is practically negligible 
in comparison with A7,^wing to the low density, this reduces to 


h: 


'AT, \ I r, l M 

1257 —*- ... it 

l\L 


In order, then, that this may have some value in the required 
direction, it must lie the case that 

-17, 1 IT, -J# or .V, i X, - JZ& 

an<l in practice-' * 

,Y, 1 .V, X, 1 .V, .17'over double air-gap and teeth 

jm nt \ V af mature ainpere-eondnclors ]MT pole 

is .: (W2 to M . . (176) 

as already obtained from a different consideration in Chapter XIX, 
§ 18, for machines with of without commutating poles. 

The re-introduction of equation (]7li) as determined hy con¬ 
siderations of sparking serves .to emphasize its importance in the 
case..of mat hint’s without commutating |roles, and the advantage 
in this ease of the multipolar oyer the bipolar. Hut for the sjme 
value of I, and lor a given value of ]/. on an armature, the present 
requirement, for spurklcssmss call always lie met by suitably 
inrreasing the numltcr of poles, which lessens V while leaving ac 
unchanged. < » 
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The second item in the expression (198) has to <lo with the 
ami*ture A '0 and is therefore closely refitted to tlie titio 


ami*;re-turns over air-gaps and teeth • 
armature amiicrc-conductors under a pole • 


Hence a more or less accurate and similar result as to the sparking 
limit is reached if only the first item, f.e. the inductive voltage, is 
calculated, ayd this is accompanied by a further condition whicji 
makes it allowable to incucaso the limit mg valtie for ( 4 ) 

X -I- X, • • • 

as the ratio . f , . , Ikcoiius higher, 

iimpere-cnuiluctnrs under pole-tare . 

Thus r t ( ’> j|- X. zZ)2///‘ ; 4 might lie laid flow'll His a maximum 
jxTmissihli* limit lor complete sparklessuess with a fixed brush 
position when accompanied by the seeondary condition that the 
amper# lunis cX[>eiidcd 1i viV the doulile air-gap and teeth should 
not tie less than 11* times the ampere-conductors under a pole, 
i.r. when equations (175) and (178) are lultillcd. There is thus 
considerable room lor practised judgment in choosing the right 
values for the two c|uan!ilies to suit toe degree of stringency in the 
terms of the sjH'citication to.which the dynamo has to he built, 
or the nature of tin: work which it is to jHTlorm. 


§ 38. The limiting number of ampere-canductors per unit length 
of circumference. Although for a given // die waximym per¬ 
missible number of anfjiere-iiiiuluelors per pule as limited hv the 
necessity for a reversing held need never *hr. exceeded, eiffialioit 
(178) in the present connexion shows that for an armature with 
a given number of poles and therefore fixed value of there is*a 
maximum permissible value for <ir, just as in f'ltapler XIV 5 18. 
The |« rmissihle number of aniperc-coniluelois per pole is therefore 
but little else to the designer (Iran a warning, and the quantity tic 
is the important faetor. In small machines Ihe heating limit is 
reached lirst, so that the actual Vdnes of tic m,iy'T>e only half of 
that fixed by sparking. In larger machines the two limits arc 
reached more nearly simultaneously, so that j’nlues of ac from 
4(H) to 650 |kt inch in medium sizes anil of 8(KI in large sizes corre¬ 
spond very closely with the limits imposed at once by heating 
and sparking. P#rt of the art of designing non-rnmmututiiig-pole 
machines consists in so choosing llirtniifllier of poks, the length of 
air-gap, «nd the winning that the Heating and sparking limits are 
so far as possible reached at tile sayie output. 

| 39. The practical artjle of lead.—(.ranting thatliy the above 
precautions a reversing field has been secured at the leading pole- 
tip of some yjch value as /(„' ~ 1500 to 20(H) in the toothed arma¬ 
ture with carbon brushes, Ihe dftUliotcr of commutation.dexsi not 
usually require to be advanceihso lar as to make full use of the revers¬ 
ing field at* the extreme pole-tip. Indeed, if a fixed l.rusli position 
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is to be maintained at all loads, it must not be so far advanced owing 
to the steepness of the gradient of the held {cp. §. 1$). The angle 
of lead X, will Jims fall short of 00' J (1 -/}). or when ft = 0735 
will be ^ss than 24 electrical jjugrees. To predict the exact angle 
of lead required for any particular armature current would require 
not only that the distribution of the displaced held in the interpolar 
region should be accurately mapped out. but also fhat the curve 
iif current-changejn the short-circuited sections, as modified by 
the brush nifttart-resistance, should be determined. The process 
Voohl therefore Ik- edmplex ami tedious, and its result at best only 
a inert approximation. In practice, when it tx-eomes necessary to 
\ ' 

know .17 s .* for the calculation of the fielil^wiuding on 

the approximate method for full load^ (r^. ( Iiapter XIX, §7(4}), 
the designer falls back on I tie evidence of machines of similar type 
already built and tested A safe allowance is ). c - 15 electrical 
degrees, so that 

1 ’ ]/.* 

y l 2p .« 

Usually the angle of lead with curium brushes fixed in jHisition for 
all loads is not more tlyn about II) electrical degrees. 

§ 40. Choice of pitch of winding and number o! slots in machines 
without commutating poles. In tin* absence of eoiiinmtaling poles 

•it is evident from $25*1 lint it is always advisable to adopt a suITt- 
cienl degree of chord winding so that the two layers of coil-sides 
s'lovt-eireiiiti'il in each zone do not overlap greatly. At the same 
time, this shortening of the chord cannot be carried very far without 
bringing the band of short-circuited roil sides too near the pole-tips. 

The total width of the baud from edge ,0 edge, including ally 
intervening slots not tilled with short-ciremted coil-sides, is in each 

, ' s t i (V <>J 

interpolar zone r> - y, 1 i f j ■ 

sectors per slot, and the coil-sides are arranged in two layers. If 
jKSsible, this expression should not exceed 70 per cent, of the number 

of slots between the pole-tips or — (I jf); or with a further allow¬ 
ance for the different coinmutifiing positions of the short-circuited 
coils when c is large, say* 


where c is the immlx-r of 


y, 


i_L 


K - K 
"b 


c- 1 5 

+ -;-2oxP>^-i 


0 3) 


( 201 ) 


c 4 ' c — 2 p 

A decided check is therefore placed upon the possibility of shortening 
y, 1 considerably, Generally-spooking, y, 1 should fall short of the 
pole-pitch by one slot. As soon as the coil-sides short-circuited at 

1 NietiUlllincr, lilcktristhtSSrakimn, Apputatt undAnlagt w, Vol. I,p. 15a. 
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adjacent brushes fall in different slots,'there is no further reduction 
obtainable id the slot inductance, so tlf.it when S/2A is fractional, 
and the remainder exceeds $, there is little ad\ynt»tge gained by 
shortening the pitch by more than one slot. 

While from the point of view of economy in manufacture a very 
large numlier of slots )>cr pole is objectionable, owing to the loss of 
valuable spade in insulation and the reduction in the area of iron 
at the roots .of the teeth through llu-ir tajxr iji small armatures, 
there is, on the other band, a limit to the minimum number of slots 
|x:r pale. Apart from considerations connected with tile ntimbef 
of comnmtator sue tors jxt slot, a very small ruimber of slots is 
opal to thc 4 objeetioTl that the possible choice of the bark-pitch for 
a coil reehtmed in slots lx'cnmcs greatly restricted In order that 
the span of the short-circuited coil should not approach ton closely 
to Unipolar arc by etpialidn (201), it is advisable that y, 1 should 
not be less than, say .'89 percent, of the pde pitch with usual widths 
of pole-face ; while, on the other hand, in older in spread out the 
short-circuited coils in several slots, rj shvitM fall short of the pole- 
pitcli. It therefore usually falls Ixtlwccit the limits of 89 and 93 
per cent., ami the number of.slots must not be so far induced that 
this condition becomes dillicult of ultniiinictil. 

* . 

hit-: (iiJiMlTATIM.-l’iu.h Maohm: 

• 

§ 41. The ampere-turns of commutating poles. The ( much 
greater freedom which the designer obtains bv the use of com¬ 
mutating poles is obvious ; he is tlu-reby rendered independent of 
the main field excitation, so that when rightly designed they 
practically remove the commutating difficulty and reduce the output 
limit mainly to that f,om heating only. That is, tic is fixed chiefly 
* by heating, although the effect upon the voltage ladweeti sectors 
from distortion of the fiejd ((Ttapjcr XIX, $ 18) nvjst still be borne 
in mind. 

Corresponding io one commutating pole 

AT,, - ‘ 0-8/v • K,I„ 

but though it is»a certain reversing density that is required for 
commutating pur (loses, the total rm'ersiftg flux •(>, and the leakage 
flux ^ Ir to lie added* thereto must lie known in order to find the 
density in the commutating pole itself. 

Half ok the gap between the adjacent edges of a" main and a 
commutating pole is usually five or more times the direct air-gap 
between comjyutating pole-face and armature. Taking then the 
mean of the values of A\ and K a in lugs. 253 4 rorresprjpding 
to the ratio cjl tr = 5 in accordance with Chapter XIX, § 13 (end), 
about 2-7, or the joint width of the two equivalent 
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strips, one along tacit side of the commutating pole filled with lines 
at the normal density over flic pole-face, is approximately a constant 
of value 2-7 tipies the air-gap. The total area is then 
K -1-2-7U (4, -I- KJ„) 
and 

$t ‘ " • t*gT- 

h'or /i„, will then lx: stihstitiiled the values of H rc from equations 

j omitted. In place 

of the more accurate expression of equation (1711), it often suffices 
in pret tier to i^suimtwithout further detailed calculation 

AT, tin to i ;t.///4/i . . . . (202) 

$ 42. The importance of the leakage and saturation o! the com¬ 
mutating pole, lliven the amount of the total llux, both,useful 
and stray leakage, in the commutating polr'wfilh the main poles 
unexcited, then, when the latter ale excited, on the one side the 
magnetic potential of Ihe pple which is of the same sign reduces 
the llux, while mi the other side the magnetic potential of the pole 
which is of opposite polarity increases it. Hence Ihe excitation 
of the main poles under given conditions of ani|HTe-lnrns on the 
coniinul.iling pole and Mlll.lture does not greatly alfect Ihe useful 
flux of,the eonumjlating pole, atlimiigh it is reduced in amount 
mviiig In Ihe influence of unequal saturation vn tile two iieigtdioiiring 
tleclioils of the yoke, as*descritx‘d in Cli.iptcr XIX. tj Id. 

Owing lo the opjxisiug rflirf of the armature uiiipere-tiirns as 
etiiising a difirrence of magnetic potential between armature and 
commutating pulr-shne which [ lucks the passage of the useful llux, 
the slrav Hnx of (he commutating jxth* often greatly exceeds the 
useful llux. To improve this proportion, a' very short air-gap is 
advantageous, hut on tin other hand this renders the commutating 
field very thirl filling according lowhethei a slot or a tooth is situated 
centrally under the pole-sine (</>. big. 37li), and this fluctuation 
reacts unhiYotir.ilJy on the coiniimlalion ; lurlher, it may cause 
overheating of Ihe pole-slnx' (particularly it solid) hyeddv currents. 

The degree of saturation \>f the iron of tin- eouumitatiiig pole is 
a question* o( Ihe greatest importance, csjxxidly in machines 
subjected to heavy over-loads,-since owing to tlit- leakage flux the 
proportionality Itclwecii the rexVrsing field and the armatme current 
to lx: eomtimted ran only hulil so long as the commutating |x>le 
can.be regarded as of constant relnctanee, i.e. from no-load up lo 
a certain limit ol load. Owing to this effect of the leakage, the 
proportion of the think and side surfaces of the emu 1 nutating ]X)le 
in relation t > its sectional area requires careful consideration. To 
secure tiic maximum sectional area With minimum surface, it may 
thus heroine advisable to employ pole-fares shortened so that their 


(UK! 5) w ith the variable resistance term /<( 


rS 
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axial length is less than that of the majp poles or of the armature 
(L, I.) an<f circular cores. 

The total and the useful fluxes can lx 1 measured tm a machine 
that has been built without the use yf a ballistic galvanometer hy a 
convenient method described hy H. K. Stokes . 1 A few turns of 
flexible wire of large area are wound round the commutating |xilc 
at its junction with the yoke to measure the total flux, and others 
round the pdic-shoe to measure the useful, reversing flux, and in 
each case are cnnnecteU to a milli-voltmetor. The armature 13 . 
fixed and the shunt coils are normally excited. I'limiit is then 
supplied to ann&fliiv, series, and cummutatiggpole winding from 
a booster capable of giving 3 or 4 times the fnlldiuu) current of the 
machine iftidrr test, and having a rheostat ill its held which is 
separately excited. The current supplied is varied by means of 
the rliAistat from zero up to the maximum that can safely he reached 
and hack again. The change of tin - tlux through the exploring 
coil will deflect the milli-voltmeter, ami the rate of variation of the 
current must lx? such that steady VuJlagf' readings can he taken, 
say. every 3 seconds with simultaneous readings of current and time. 
The change of flux can then fie calculated from the volts and time, 
and when integrated, a curve can he plotted connecting flux with 
exciting ampere-turns {lug. 374). * ■ 

Typical curves of the flux-density in tlie.ronimutalkig pule, 
and of the reversing fhi't density in the air-gap under the rnimimtab- 
ing pole-face are shown as and /(„, in Vig. 374, from which it 
will be seen that the proportionality between the ordinates of the 
two curves which holds so lung as the iron mrtv he regarded as of 
constant rcluct/oiee is gradually lost as the current is increased. 
As the leakage lltix im'.vases, its passage willi the Useful flux through 
* the iron absorbs more and more ol tin total ani|e-re-tonis on the 
committaling pole. Thr.uscful tinx increases to ;i, maximum and 
then decreases milil at a certain load the surplus of the total com¬ 
mutating ani|HTc-tiirns over the aill|>en-turns i-X]xlldrd oil the iron 
is exactly equal to the armature am|jTr-tunix as acting «n the 
commutating pole air-gap ; no revealing flux can then flow, and 
, the point x is reached. Heyqjid this lojd the dilfereiice between the 
total ampere-tunR and tile uinjierc-liirns exjxmded in driving the 
leakage flux through the iron is less fjian tile armature amjicre-turns, 
and the flux in the commutating air-gap Incomes reversed in 
direction. 

» • 

The ca& is made dear hy Fig. 375. Both the commutating ^ind 
th* *arniature ampcrc-turns increase, pr»fx>rtinjiat<;ly with the load 
current as shi*vn hy the inclined straight lines ()AA T and OBIi\ 
1 " Com mutating Pole Saturation in T>. Machine*," f/ r&»». 9 /tm*r. 
I.E.E., July, 1913, Vot. 3*2, p. 1W7, vhich Iia* been Irrcly ilr.iwn upon in 
t£e present grctioR, ‘kid to which the reader is referred for further detail* 
of the method. S 

lO-(SoejA) 
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Let the difference bet weep tiie straight line OAA' and the curve 
OCC' represent tlie ampere-turns required over the iYon, risii% at 
first proportionately with the total flux, and later increasing more 
rapidly >, then the shaded difference between the curve OCC' and 
the straight line, Olili' gives the effective ampere-turns available 
to drive the useful reversing flux through the commutating-pnlc 
air-gap. It will lx; seen that these are reduced to zero at the point 
A' and current x. 

, If the reversing flux-density Ob' in I*ig. 374 were correct to 
balance the inductive volts of the short-circuited sections with 
increasing current, t^icn it will be seen that lor any load above 
600 amperes unbalanced volts arise, and their amoun* at any load 
can lx: judged by such a diagram as that of Fig. 375. 

In order easily to plot such a curve when once the value of the 
commutating leakage permeance jf, r or ils reciprocal, the reluctance 
Slj r lias been calculaleil, it is convenient to express the useful 
reversing flux <f>, nr ils density in the air-gap !! tr in lerms of the 
total reversing and leakage R ux <t> mr ij,, -| <f, tr or of their density 
in the commutating pole H mr . 

Let AT, • the total commutatiiig-pole amp-r e-turns == TqJ, 
where T are the turns per pule and it is assumed that the whole 
of the armature curienfis taken round each contmDialing pile. 

Ijct AT, llic. ampere-turns expended over the iron of the 
eoniiiMitaling pole f (H nr ). l tt 


total ampere-turns per comm, pole 
total .If |xt conun. jxrle - armature .17’ per pole 
•If, TqJ _ T., 

AT,-]/.HP TqJ - J/jlp Tq /HP 


, 1257 (AT, -ATA 

bmee ij>i r - <p , = - ■ yj 

• :J, |,-• 2S7 (.4 T,- .17.) 
Also approximaloly hy equation (173) 


(203) 


I -257 (d T, - J ~ - A T,j = 1-257(,4 T r /k - A T,) 

<f>,.k. :-* <r - 1-257 (.4 T, -k 'AT,) . . . . (204) 

Adding (203) and (204) together and substituting l! tr . a, T for <j>, 
£„K, . I- k . KJ„) - 4>„ r . a, T - 1-257 AT, ( k -1) 




Umr ■ ; *le ~ 1 *7 f {B mr )l t9 X jfflfjfy 


0(r .^ ir ^AV, r .-3— 


. ( 205 ) 
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Hence by giving differed values to B mt , the corresponding values 
of h \ r can be 'found, and for each value of B mr * , 

AT'- . *„ - B„. <*„):•*„ +/lB mr )l ep 

• t 

is found and can Ixr expressed in terms of R mr and f’(B mr ). 

In order dial the useful reversing flux may rise in proportion to 
the inductive volts over a wide range, 1 it is necessary that 5*„ 
should hr as high as (tosstMe in relation to ■•4’ (rr . A' high ratio of 
I'-ofmiuifat.iiig fxife anijxTe-tiims to armature ampere-turns, i.e. 

a high value of^,^^ls also of advantage, but less so than a high 

value o! tJt ( ,/:-< >r . The introduction of a second air-gap by a brass 
liner, say J in. thick, I id with the foot of the commutating pole 
and its seating on the yoke, increases the ratio of commutating to 
armature turns and also incidentally reduces the leakage slightly * ; 
lint such " high ivlurlanee ” commutating poles are more feasible 
on rotary converters tlyul on rout imams-current generators. 

§ 43. Example with only halt as many commutating poles as 
main poles. The curves of logs., 374 5 relate to a 5(K)-kW. 
machine with only half as many commutating poles as main poles, 
and it will he seen ho««mnch useful information may lie obtained 
from such curves. , Tim niachine is chosen for purposes of illustra¬ 
tion owing to the greater liability to salur;i>:i<>n in such a design in 
wtiich each commutatfng pole has to do double duly. The leading 
dimensions are given in big. 273, and an estimate upon the lines 
of this .figure, with the several sections of the jieniicuiircs reduced 
in pniporlioii lo (lie ampere-turns acting upon them and with the 
addition u( ll.mk jx-rnwatav, shows that I he total leakage permeance 
regarded as in parallel with the air-gap and 1 acted upon by (4 l , -• 
.IT,) may fairly he represented by 79-5, or i-fl,, 0-0126. 


In other words 


1-257 (.17 r AT,) 


will give a mmilx-r of leakage 


lines <f tr which wfu-n atliliM to 4>, yieltl an average flux-density in 
the pole-core del ei mining tyith sufficient accuracy the iron aniptTC- 
turns. Tlom the data of the machine, <i tp - KW-5, /,„= 30-5,. 
KJ , r - 1-lfi X 0 381 - IM42, <i tr -- 212, 


and 


k 


21 x 4 , 
(21 x 4)-60 


3 - 5 . 


> Kor other means for sreunnit tin* same result by displacing half of the 
brushes oil each blush arm relatively lo the ether half ami supplying tali rent 
In the commutating (ole only front, tie- forward half, nr by an auxiliary 
ihnnL wwtdirijt on the commutating pole, set 1 Jlliles Walker, The Diagnosing 
j/ TronWrs m ilcctrwul Machines, |»p. .Vg .152. 

• Miles Walker, loc. it! , , 
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Thence # • 

* B mr x 108-5 x 0-0126 - l-257/'(fl„J \ ;»-5\ 2-5 
/ ,r “ ~ ’ 0-0126 x 212 -|- 3-S x 0-442 ‘ 

-o^-b-jvw 

and using this value for H )r 

A T r = 0-8 (/?„, x 108-5 /f„ r x 212) x 0-0126 j 30-5/'(«,,,,) 

•-= 0-402 79- 1 f'{H, 

Assuming the values nf the second column in Table Xlll lor a 
wrought-inui lorgint* the values of the rignth e/imiii are thus 
found and jie plotted in lugs. 074 5. 

bviti.i: xm 
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current, due to saturation of the commutating pnle-rnre. The 
correct reversing density would follow the line OH in Fig. 374, 
and the line ()Ii‘ should fall on OH. Tlu^correct held is obtained at 
full-current, hut for lesser values of Unfair retd there is over-com- 
%nutation and at all over-load* there is tiiidri -romnmtalton. This 
result is hardly to te avoided with only lulf as many commutating 
poles as there are mart poles, and on this airount the d<-sign lias 
been chosen to illustrate the rase. Actually the evil has been above 
over-estimated, since, as shown in lug. 273. the thickness of the 
commutating pole can and should lx: increased towards the root, 
and rhe saturation and iron ampere-rums can he thereby reduced. 
The amount of*the inaccuracy ther. left often does not warrant the 
expense of doubling the number ot poles, even though cadi catties 
m^ny less amj.ere-tr.ms. An alternative design with twice as many 
commutating poles would call for B tt —*2330 at full-load and only 
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about 4000 AT t per pole , but on 8 poles this would amount to 
32,000 in all: ' • 

f 44. Range 6/ excitation ot commutating poles.- The experi¬ 
ments of J. Ifezclman with corimutafing polos show that the ratio 
of the maximum to the minimum excitation when sparks just begin 
to appear in both cases is much greater at low speeds than at high 
speeds. This may be explained upon the hypothesis that the 
brushes by their corrective action can makeup for'any over- or 
jimler-excitation when the inductive volts are themselves low. 
Further, as might lie expected, at all speeds the range of excitation 
without sparking is much less in the case o,f copper and carbon 
brushes of high conductivity than in ttie case of high-resistance 
brushes (in a particular machine 1-45 as against I-15), so that the 
excitation for (lie former must be ipuch more nicely adjusted. 
Lastly, the minimum excitation is almost independent of th6 speed, 
and llie possible range is almost entirely due to the over-excitation 
which becomes permissible especially at low sjieeds. 

§ 46. The proportion^, etc., ol commutating poles. The com¬ 
mutating pole must be mechanically strong and well supported in 
order to prevent its being set into oscillation by the varying drag 
ol the annul lire teeth as they pass under it. When it tails on the 
horittoiitnl division of tire magnet frame, its seating ran be arranged 
eccentrically, as in big. 271t. 

, The shorter the air gap. the greater the pulsation ot the (lux due 
to the varying position of the slot-opening in relation to the pole. 
Fig. H7(> shows the diminution of the forked shape of the flux- 
density due to a slot centrally under the pole as the air-gap is 
increased. 

The width of the commutating pole in the direction of rotation 
must lie at least equal to the tootli-pilell in order that the reversing 
field may not jury very greatly during the passage ot a slot under it. 
Asa second condition, if the slots contain several coil-sides in each 
layer, in order to keep each coil-side under the pole during the whole 
of the {icriod of 'commutation, the width must with diametric 
winding lie equal to the |)oriplural speed of the armature multiplied 
by the time of cominut.itiou plus thin amount by which the hinder- 
most coil-side of a slot is <)i*p{iiccd from its positihn tor true uniform¬ 
ity as compared with the fop-most coil-side Hence by addition 
of twice the expression of (199) tn T n p, the value of i being as 
in equation (190), the width‘of the commutating pole-face would 
be' 

j*, + b (« - J) j~ - r, <c - t) = (\ -* . + tp-r, (c-l). (205) 

which usually averages about HS6 to 1 -VS times tbe tooth-pitch l t . 
If the winding be long-chord, an additional tooth-pitch should be 
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added, but considerations of leakage usually forbid such an addition 
in fiii. Or the pole-shoes cun be sot aslant to tlie axis of the 
armature core, s» as to increase the time of they aelion without 
increasing the leakage. But in either case it must lx> remembered 
that the fringe from the sides lias itself considerable eflcct in extend¬ 
ing the time of strong reversing action. In order to accommodate 
the commutating poles without bringing them too close to the main 
pole-shoes, the ratio of the pole-arc to the pole-pitch is usually not 



Kiti, '178 [nt1|H'iu:i a tif ;kir j^ifi on sh.i|V' <tf rutiiimiiftting Huv-i;iiTve. 
(After Hc-jrlmnn ) 

/ 

more than 0 Gi» or even less, and Hu rt should he at least 3$ to 4 
slots in the zone#lx;tween tne main poles. Strictly s']leaking, in 
order to secure exact instantaneous balancing of the combined 
ohmic ar>dinductive voltage in the sfiort-circuited coil, the reversing 
field in a generator should rise in density from one side to the other 
by an amount proportional to I\ > -f 2r { . i/l 1 ; hut vich 
refinements arc not of value in practice. 

With a commutating pole-shoe of breadth 2t A , the edges may with 
advantage be sharply bevelled oil (Hig. 377) us reaupmendfd by 
J. Hezclman. 

• One other point of importance must rjjso here again be mentioned. , 
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In order to Jteep (he circumferential breadth of (he commutating 
pole within practical limits, and to minimize leaKage between 
commutating 1 pqlc-tip and main pole-tip, the armature winding 
should, ?s stated in jj 26, be diametric or more nearly concentrated 
than would otherwise be advisable (see also p. 167 for " split coils ” 
with y„ l variable, used in commutating-pole machines); the 
two sides of a short-circuited coil will then be acted upon by 
almost equal li.M.h.'s from the reversing fields in which they 
' are situated. 

i * I ’ With fairly wide commutating poles and 
I ^ such conditions that the-brushes admit of 

some shifting backwards without sparking, 
their positiiin may be so adjusted as to pro¬ 
duce ail appreciable compounding effect. 
Keen when this cannot Is- secured, tlu regu¬ 
lation of a sluint-wouml generator with com- 
tnulaliug poles is usually good, and better 
than jliat of the marlmu- without such 
jwles. 

While Hie copper mi the Held winding proper is reduced by com¬ 
mutating pules owing to the shorter air-gaps I hat may then become 
admissible, the efficiency of the machine is Imt little affected. Hut 
owing tp the close ( proximity of Hie comnmtating and main coils, 
the ventilation u( the lielil-magiirl system is'.o some extent lessened 
its eoiitjiarcd with the dynamo of the same size without conitnutaring 
poles, and this eonsideraliori must tie duly allowed for in the design. 
I'ispecialty is it dillicull to secure a low rise of temperature on the 
commutating coils a I full-load or over-loads, and pit this account 
it is common to wind the commutating polls with bare strip on 
edge (i/>. fug. liK'd) With large currents at low voltages, and on 
tiirbo-gciicrator*,iip to 2SO volts, the commutating coil may lie 
formed ijf a hare cup|ier eylilltler diviiled sjiir.illy tu form a helix 
of a few turns . 1 

flic air-gap of the conuyulaling poles on large machines with 
toothed armatures should nut he less than J* tu avoid undue heating 
of their jailor surface by eil^y currents. 

Experiment ally the correi-t ampere-turns for 'Lite comnmtating 
poles are liest obtained by separately exciting them and altering the 
excitation until the voltage read tje tween two points touehing on 
the commutator in line with the edges of the finishes, and therefore 
A£, is a minimum or as nearly zero as possible Itoth for light-load 
and full-load armature currents 

L 

1 Fur illiislntinns nf.d othrr dt-laili of machinrs with commutating poles, 
sre Milcii h'iOktt, Tfit Specification and Dti'gu of Dynamo-cUctt\< Mat kintry, 
Chap, XVIII; anti Fapc and Hiss. " Ilirri't-Curmat Dt-sign as-.nfluenerd bp 
Interpolca," Journ. Vol. p. S70- 


r->--«i-i-i 

Ml. Ski|«- iif 
nimiTiiUaliitj; pule. 
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In order to adjust the winding of the com mutating |x>Ics to the 
bestwmount lor sparkless ami cool running, a divert re may be used, 
formed of coils on»an iron core, and so designed as to have the same 
time constant as the commutating^coils; otherwise, wit^ a non- 
inductive resistance an undue |irojx>rtioii of the current will lx; 
shunted during rapid changes of the load. When the tWtnations 
of load are very rapid, as in traction work, :t diltinilty sometimes 
arises from the inability of tile commutating field to follow with 
sulRdent rapidity tile change of the armature nirreht whieli is to 
be commuted. The diverter can then be adjusted so as to slmiil a 
greater proportion tiMhe current niomentariIy^throiigh the ctfiuuu- 
tating pules, and thereby to aeeelerate the el'ange of the com¬ 
mutating held upon sudden increase of the load. 1 But apart from 
such use, it is hest for the winding to he nirreet so as to dis|K Hse 
with any need for a diverter. 


§ U. Eipenmeotd comparison of inductance of machines. Thr njuxin-nl 
iliumtmice r*f a scutum of tile armature winding in tin- nsitle ot the intcrpnkit 
i'iiii‘ ot a mm eriTiiTMiitating-polt! Jiiin liiiH 1 \vj h thi' In'M in.mn,-I i in ml tinsr,1 
mm lx: .,] ifinixLiu.liiiy men suns I t,y fussing nil .illcni.i|ing current ot known 
v.ilin: ini,] troi|iniiev through it liv humus of l\v„ narmw brushes pl.icct on 
the ni iu ntulator sect,its whcti trrtiiinalr the »<nl, unit measuring tin- voting,■ 
ts-twc'ii the liruslirs h. 1 ,1 (the rrsist.imr tiring lirgllgitile). The 

rest of the iirrmitun: win,ling is then in i sir. illci witlfthr sc, ii,,n i.,n 1,-r cons:it-ra. 
lion, lint it tin: frciiicncc of thr current is high, the gnsit nuliicturtce, ,,ml tin; 
higher resistance of the linger patll allow nllly a negligible prop,nil,ni t,f 
the total current t„ ri,nv through it , 

1'his nietJnaf may ta: extentletl t,y in,in,ling 1 Hi H till the linishcs as many 

sectors ( 1 ."* ; a s are short on niteil at a hrush at a tune, when ■ ~ 

\ b J i 
' t i. //. 


l'‘»irip»Tativc fiudivs may similarly \tp. obtained for various machine* ** with 
and without nmimutating |*>les when the held nujpuit is removed as mcn- 
*t> r >jir<| in j 2A [b) atnIiUTordini; to Karl I'lchelmayer* tie- results are Ixinic out 
by measurements of the revt'Piiijj; field actually nrjuiivd. Tlieiv is. Imwcvct, 
in either case the then re I leal ibjoclioil^llilt the fri-ijueni.) tiding the leal is. 
My, t>nly SO, white to lie airi«tly t .timpani We with (haI o 1 i-MimuiitalHin it 
should ho perhaps 400 or 500, so that the dampim; is then different. J 

Another method of measuring the apparent HKiiuUiut! is to place narrow 
brushes on sectors of the commutator at tlurfr normal jio.utioT)* in regular 
work, and to jkuw an altcrriiiling current through thi- q paths of the armature 
Winding in parallel ; the alternating vultagwis (hull measured U tsttn the 

since only t»{ the current 
2ry/ 3 q 

jussci through a section * The voliageMrom ihi sector on which a brush 
coils on one Sid : of th<- brush should be added to that 


sectoru adjacent to tlH J brush, whence 


rests across ^ - l ^— 1 ^ coils 


1 Cp. R.Vohl, Journ. J E li., VoL 40. p, 249 • W. Hoult, xbid., Vol.MU, 
p. ^f); and Miles Walker, Tht Viagtiosin^of Troubles in EUciruid Machines, 

* Electrician.'tol 70, p. 973, alwtrf :lc\ from E.T.Z.. Vol. 33. p. 1100. 
Cp. also J. Kozelman, Ntcherchts sur Us Phinomtnts de la Co»6nul&io9. 

* Cp. Nicthitnmcr, Em.M., Vol. 30, p. 55 {21 Jan., 1912). 

** A. Mftwflut. p. 276. S 
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across coils on tbc*othcr side of the brush to find the total effect 

\ ** 1 1 .. a, 

from the simultaneously short-circuited sections. The results so obtained 
measure not uijy V -p //> Imt also the voltage caused by nsc and fall 
of the cixitt field due to Uic rcnuinyig xcctioim of the armature which are not 
short-circuited when in normal work They arc therefore higher than those 
obtained by tin; first metI iimI in virtue of the cross field effect, and they measure 
the total ini tin-lance from the flux which has to lie reversed through a coil 
during short circuit as dtir to all the ampere-turns of the armature. If the 
brushes are on the |m<; of symmetry, the voltage across similar section# on 
c ither side of tin* brush .iie'ot course alike, hut when the brushes are displaced 
i^roiti the Hiy: of symmetry they differ,and in a man]lino without commutating 
poll's they an; naturally higher in the sections brought nearer to the pole-tips 
on liny no; side of the brush than in those on tJic* other side which Jutve been 
withdrawn iriminin' poV tips. 

I 47. EipwimeaUl detennjnakion of ihort-rircuit current.- 'ifanarmature 
end is severed at some S[X>t and the two free ends are connect'd to a pair 
of slip rings, and if u[h»il these rings rest brushes which arc short-circuited 
by a standard low resistance of known amount, tin: current in the coil can be 
traced by llir* oscillograph through a complete revolution, i.c. not only when 
(lie coil in under a ]>ol«: but also iti dir brief periods when it is short circuited 
by the brushes. The <iimature circuit still jeinains closed, ami the insertion 
of the low resistance at Ihcnnr point hardly alicet* Hn: conditions, llJlcntial 
leads are taken from (Jie ends id the low resistance to tin' oscillograph, and 
Uw: current in the md ran thus lie measure* I. Hy special arrangements the 
horizontal scale can lx* increased, and the curve of cut rent-change during 
tin: period of short circuit 1*: extended, st> as to enable the whole process to 
Ih: carefully watched and recorded. Curve* taken by lias method 1 show 
(hat tlu* change of I hr short circuit current is often e.\h finely irregular 
nwinfc to olwcurc secondary causes smll as the exact Ivddiug of tin; brush 
surface, yet limy fully Uar mil all the conclusions that liad been previously 
drawn on more llienietuaJ grounds. Whim the Lru.sh positioji in a dynamo 
"h advi.iued into ton strong a reversing field, <»r is moved backwards into a 
strong field towards the trailing jinli-, llu* heavy current in the new or iu tin: 
old direction is shewn iu the curves at the end nr at the tiegilnuug of short- 
u.renit hy sharply {minted peak* which Uncinate violently when excessive 
sparking‘lakes plan-. I-veil when no sparking lakes place, if the brushes are 
too far forwards or backwards, consul'table pulsations 'lire set up iu tlu: 
magnetic livid, the excess current m (he short-cirxui.ed coils causing the value 
of tile dint:! magnetizing turns of I he armature and their i#d on the field 
l*i pulsate with I lie frequency of commiit.il ion. The main field through the 
entire magnetic cis- uit of p>kv and yules is thus set into oscillation, which 
appears a ripple in the w ave of l!.M t*\ nr current in a roll, while it is passing 
under the poles, c*|>rraally towards the ] win-tip*. This show's that under 
such circumstances it is only approximately true tu regard the apparent 
inductance of the cod as due ^,fiely to tile field Within the in bipolar region. 
An excessive short circuit current can, in fact, even affect the voltage given by 
a maclUue for (Ik- same numlicr of am]vreturns on the hold. ami after allows 
ilitti! lias Ixe'ii made for the filial valuj of the direct magnetizing turns * 
(oilier than those of the shortcirvuitoil coils) due tu Ole angle of lead or 
trail. 1 


1 especially fount. t.is.E . Vol. pp 548, 557 (l)r. W. M. Thornton); 
p. HK2.1 (Mr. M. i\. Moms ami J. K. Utter*™-Smith); Vol- -*45, p. 43l> (J, K. 
CattenKwi-Sinitii); Vol ff8, p 17t» (IVof. F, lr. lUily and W, S. H« UegJmrnc), 
when* oscillograms are given iff the cur rent flmvmg through a factor into 
Hie brush, i e. t % or i t ; ami C. ShentT, /own. Anur. f.Ji.E. Vol. 40. p. 84S, 

* Cp. " t Vlier Magnet indie Wirkuugeii der Kura*-Mu&*tfnr?e tn rdcichslrom- 
aitkcm," tiy Mr K. IVhi, Vol. 6, rtfklroIrchnisi'hi'T I 'ertntge (Stutt¬ 

gart. IWiinatiri b'nkc (IffOS)) The similar effect with commutating pities is 
especially iinticcnble in the machine investigated by L'rof, l'\ tl. Daily and 
Mr. Ucghurne. Jurirw, I BM.. \ol. lift, p, 171 ff. ' * 
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5 48- Bnidiw and brash-holdere.- The width of f»cU brush 
along the axis of the commutator is usually from }' to 2', the latter 
dimension being s4dom exceeded, since it then hecojui* troublesome 
to maintain proper contact along its entire bearing surface, lienee, 
to carry any considerable current, two or more brushes are mounted 
in line on each brush-spindle, forming in eltect one wide brush. 
This arrangement also renders it possible to adjust each brush 
. separately, uneven to remove one temporarily, without interrupting 




the current ; and this advantage is so great lliat every dynamo 
which is more than a toy is invariiihlyjfurnisheil with at least two 
brushes on each arm, each brush Wing of such width that, if one 
be removed, (lie other can tyni>or.iril>'carry the current of both. 

Carbon br»shcs*in order to obtain sufficient cmitart surface with¬ 
out unduly increasing the length of tlflc co'iumiil.ilor. are usually from 
J' to 1* thick in the direction rotation They thus rover more 
than one sector, as a general rule l\vo or three, and in eases of very 
narrow sectors as many as four; but when this is llit case a hard 
variety of carhon is to l>c recommended rather than a soft graphitic 
quality. As'ihe conductivity approaches more and more nearly 
to that of a me till bnislg it must Is! given a Somewhat anajogoas 
width of, say, I j sectors. * 

* Carbon brush-holders may lx: classified under one or oilier of two . 
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l 

leading types. In the firsj or pivoted " hammer ” type the more or 
less wedge-sl taped block of carbon is fixed rigidly Within its box, 
which forms tho further end of a pair of stamped or rast brass or 
aluminium cheeks; these lattijT are pivoted on the brush spindle 
so as to tx' free to turn round it, were it not for the constraining 
action of the pressure spring (l'"ig. 378). In the second type, which 
is best for all medium and high speeds, the brush is a rectangular 
slali," free to slide radiajly lip or down in a guiding hots, hut pressed 
down by a hcfiral, clock, or other spring (bigs. 379 381). In both 



*■ • 


Jho. 37f). itrnsti t*.x, will* slain If < urlxni, tor brush xpiii.Uu et small machine. 

(VV. N. Allen, Sms & I.t.l.) 

cases the carbon brush is nearly radial, althoogh.it may have a 
slight rake (about It) from the radial line'; in the direction of 
rotation, which reduces the tendency to chattering."’ In the ' 
second ty|H' the ^arbons require some attention, so that they may 
not lit'i’iviK' scf fast in thejr boxes through dust and dirt ; but, on 
the other hand, (hey must not In too loose in fit. whereby they 
tend to lake up different positions in the boxes according to the 
s|H'cd wli<‘tl Ibis is variable, with consequent disturbance to their 
I rearing surface. A clearance of about 6 mils circumferentially 
and 111 mils axially is usually sufficient Vile brash box should 
lie fairly deep with perfectly smooth sides unbroken by slots or 
holes. It must lie solid and 'substantial, and preferably not a 
sbeet-metal stamping liable to lieeome twisted, but cast. The 
lesser inertia of the sliding carbon as compared with thilt of box 
and carbon is a feature greatly in favour of the second typ-; 
owing to it the pressure-spring can cause the brush to fallow up any 
local tincventpess in die commutator or departure from a perfectly 
circular track much more quickly. Ill lugs. 38Uu and b the brush 
boxes cati be brought nearer to the commutator surface by being 
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slid along a lower set of grooves on th<j rack-work : wear of the 
comihutator fan thus lx 1 followed up, and still the fonvet radial 
setting of the brushes is strictly maintained. Another typo is shown 
in h'ig. 381. Here a flat spring exists not only a radial pressure 



F#;. IIHll, a and it ,— Sh'l tif fi>■ LirJ^r nun Jiiim-, ami • <unjwincmt j*itrt 

• <W li. AlT- n. Sims .V hi.. I.M ) 

. * • 

• , 

on the iJtusli, hut also a front-to-l&rk pressure which keeps the 
trailing edge of the brush firmly against the side of the brush lx>x 
and preveftts the brush lifting. The spring, which can lie moved to 
talfg up brush wear, ean lx' lifted tty and remain so for inspection 
of the carbon, .while lxhind it in the working (xisilinn are the two 
pigtails from brush to bracket. Tiled)* set of carbons ivmangpd in 
a joint brash box with thin division plates between them. 

■ In all cases a good electrical connexion directly between the 
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carbon and the fixed Ixix, or brash spindle is of vital importance. 
In the hammer type the brush may be wedged or dlawn tight up 
into its box.*with an interposed layer of copper gauze to form a 
good eoptart lad ween the two,; the box is then joined by a flexible 
copper connector to the central part of the brush-holder, which is 
either clamped or screwed to I lie brush spindle. In the sliding 
tyjie the brush is itself drilled with a hole into which is tightly 
wedged a flanged copper tube under one or both erftls of which is 
, spread I la' cull of the flexible, the unflanged end of the tube being 



hti. J81.- Hmsh Itr.ickrl with *pri»K* down. 
^J'lir Hrilisli riintiison-11 oust on (’n., 


then spun over a ropper washer (l.r Carbone) ; or tile end uf the 
flexible may W* splayed out into strands which are worked up into 
the sulvstauee of the brush during its manufacture. In the 
" Battersea " connexion uC'thc Morgan Crucible Co , the splayed-, 
out ends, after insertion in a hole in the earbiTn, are Srmly held 
by metallic powder compressed round tliem. Metal plates on the 
top of the brush are also used, sometimes of leaf metal bent over 
so as to form in effect an additional spring, but in any case the 
use of solder is best avoided. The flexible copper connector is 
formed up into a twisted pigtail with enough slack to allow ofthe 
carbon fx'ing withdrawn from the box for examination. Brushes 
copprrcd aft he toji are friKpienlly usedr hut except when current 
is to be passed into some attachment titling on to the carbon, *he 
copjiering is of doubtful rdvantage, since current passing by it 
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into the box tends to eat away the met^il, and the need for it is 
removed by ft thoroughly good flexible connexion.. No current 
should pass through the pressure-spring or pressuqi'-liiigrr, and In 
prevent this the brush top is sometimes covered with an insulating 
cap. 1 

§ 49. Causes ut local sparking on particular sectors. The 

pressure of tW brush-lips on the commutator may be adjusted by 
altering the tension or pressure of the " hold-nil " spring. " lump¬ 
ing ” of the brushes, duelo vibration of the mad line when running, 
must lx: carefully avoided, since it will give rish to sparkiifg, ami on* 
this account a substantial brush-carrier with strong but.light 
brush-holders capable of being firmly faslenett, ;s atf. .snitial palt 
of a well-designed and well-built dynamo. The hi itshes should then 
bear lightly and evenly nil the eommnlalor. Any pressure beyond 
this sluxiliyji; avoided, sinre fl will cause increased ft ji lion anil wear 
Occasionally, one or tftu sectors in a commutator wear down below 
tin- general cylindrical surface of the rest, and form what is known 
as a fiat ; as the brushes pass over tta- faulty spot the cirenil is 
momentarily broken and sparking incurs, which rapidly increases 
the evil. The development of g flat is often attributed to inequality 
in the wear-resisting properties of the sectors, but it is almost always 
due solely to sparking. Owing to a waitf of uniformity in the 
spacing of the winding on the armature surface, a particularised ion 
may be short -circuited When in an ineorrei I position ; its passage 
under the brushes is then accompanied by shirking, and tbe fivtw* 
to which it is attached lieeomes worn. With carbon brushes it is 
csjx'ri.illy important to employ a soft quality of mira having 
approximately t|j.: same rale of wear as (bat of the metal sectors. 1 
Any recessing of the mica strips should be very slight and eunTulty 
‘done, the edges of the shallow grooves being slightly bevelled to 
prevent catching of the brash on them, (til and^dirt must never 
be allowed to collect in (he grooves, since they carbonize jjnd the 
former may have a solvent action on the adhesive material employed 
as cement in building up the mica plates. As,an alternative to 
reressing the mica, brashes containing a small admixture of abrasive 
,material are occasionally used in extreifie cases of hard mica strips 
which tend to stand " high '*in wear. 

“ Copper picking " is one of the rrffist Troublesome ills to which 
carbon brashes are liable, and difficult to cure : the conditions 
giving rise to it arc hut little understood, yet it would appear to 
be simply* due to very small sparks carrying over* particles, of 
copper in fhe direction of the current from commutator to brush 

* For many practical details i- coitocxiyn with finish boxes and brush 
gear, see Mites Walker. The Diagnosing of Troubles in lilectribul Maahinos, 
pp. 308-319. * 

«« Set Chapter XIII, § 30. 
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(positive of a generator), and under some circumstances these 
adhere to the brush, plating its working face, even though n<8 add 
or moisture to cause electrodeposition is present. 

If an armature wire is broken or its connexion to the commutator 
becomes loose, violent sparking may lie set up, and the faulty 
coil may then Is: located by running the machine until one sector 
becomes pitted by the sparks. In a lap-wound armature the fault 
lies in the coil behind the marked sector against the direction of 
rotation; in*a wave-connected armature with as many sets of 



I'U^ 'ISJ I ‘.I tils lit lltiv from Mirf.ut: Kii:. HSU P.llh* til flux from 
" of 2 fsilo iirfteifure pule pitch with itiitny poles. 

llrushes as lUerr an* poles, it may he ill either Ihe roil Ireland or 
in that ahead of the marked sector. A complete break may he 
identified bv the greenish colour and snapping sound of the sparks 
The length of the commutator should he such that the sets of' 
brushes can he relatively staggered enough to overlap one another, 
so as to distribute the wear ; otherwise if there is any sidt wavs 
movement of the armature, sparking may he set up by the brushes 
striking against the sides of the ridges formed when the brushes 
are exactly in line. W ith (our or more sets of brushes, they are 
I lest staggered in pairs, sui that a positive and a negative brash 
sweep over the same path. 

n 

NOT!*: TO Cl I APT KK XX ‘ 

Tills Sl'RFACIS-oP-l'oilE ANt> F.KU-CuNWEXlOSf IxfllTTAXCS OF 
CoNriNi'ors-rrRKfcNT AmMaIUKEs 

1 The naiftwe-of-thR-core p«m*AncA of An ArmAtUrt id Air. -fi) The txe- 
mf.tr,'! within the polar art. Wirf. a pair of diametric slots on the convex 
SMtfeio of a 2-pole armatiirr in air. the paths of the flux embracing one slot 
arc roughly ;yt slmivnrhy lhr haJf nmuturi' of Fig. 382: with man)' poles, 
so that Aw polr-pitch lx i ci»mt*» nearly }At, "the paths resembling ellipses 
become narnwiHt knit stiU spread out widely into the Mirwmdinff space 
(Fig 383). In both cast's the vpaths arc very nearly semicircles near to the 
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slut opening, and at the actual opening arc bounded by the semicircular sone 
which in Chapter XX. § 24 (a*), has been nddethio the slot itidnctaneo prnjier. 

At^he outs<* it may be remarked that for the same mimlk-r of poles, the 
j*iwnnce jx?r cm, ^ngth due to the surface of the con* is v^ry marly inde¬ 
pendent of the diameter of the armature, su that ealcuhifions from a single 


4nP par cm . of cor* length. 



diagram aw practically applicable to all diameter*. The siAiyde n-awjj is 
that as the surface* from which the flux springs increase ill width with mcrca* 
mg diameter, so also do the lengths of^ith im reasc nearly in the same 
proportion. .. 

Starting from the mid point between Uw> diametric toil sides, i.r. at 90 
tltUwical degrees from the centre the consign'd twii-wlit. tfie jMrjrfbimn; 
can be summed^ up as*wo approach the coil side even when the width of ujiert- 
inf; of the slo* is unknown. This has heea d^nr graphically to a fair degree 
I i—(SOUS,) 
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t>{ approximation from diagrams similar to Figs. 382-3 for the t» vca . 
of/> = !, and oi a core witlfso many poles that the pole-pitch become:, 
practically fat. The results multiplied by 4ir, i.e. 4iz8 are g*en in th 9 tm 
M-Imc curves t'f fig. And these show that the nuipber of poles makes 
comparatively little difference. In fact, with a 4-pole machine a great step 
is mule tewards the case of a flat core. 

The jfwjmrtioD.itv values of the flax-density in the two cases are indicated 
ia the fall liars 2 mat 3 n( Tig. 385. Naturally the greater curvature of 
the 2 'Jhi1c cns<- Imds l« its ITux-dcnsity hilling to the lowest value winch 
it takes near WO 9 , the lunger length of the paths not tain# fully compensated 
by their gradually increasing ana. But in general the flux density on the 
cunvrx snrLni! tends tn ‘ecoiiH! nearly uniform at some distance from a 
single slot, and the permeance exceeds that of the same region on a flat core 
with liner assumed to In 1 semicircular. The results being plotted on a base 
of electrical degrees, it U'cumes possible to m ike ready comparison of any 


4rtiP for each 10°of arc. 



kltctrieal degrooi from centra of slot. 

* K Frcu 3H5, Integra ted pmiuicr for each I0 ,J of are. 

number of poles with ilu- *1 -pole rase, and further to compare the case of an 
infinite niiniNr of piles ora llul con*, bith with elliptic and with semicircular 
piths. 

If the jK'riiKMiwr of a ll.vt eon* with semicircular piths is integrated only 
up to 90 rlerttieul degrees, i.e. over half the pile pitch on cither side of the 
rj'ntiiil slot (rfi. Tig. ;W>), the lowest curves of l*'ij*s, fW4 5 an' obtained. * 
The density is seen from log. ti> fall n(f too rapidly, jtirl this is liorne out 
hy experiment.-5 But in the ordinary formula for ihe inductance of two 
parallel wires in air or mi a Hat core, the |vmieance in relation tn one win* Is 
integrated from the one wire to the other wire. When, however, the actual 
resultant distribution of the dux is drawn, ami assumed as ihe basis of enh illa¬ 
tion as in Figs. \ it woif I lx’ incortvi l In proceed forwards with the 
integration past the horizontal diameter of log. or past ihe dividing line 
o| the pole-pitch of Fig. dtii wit i» then only necessary tn integrate the 
permeance backward* from 90’, it. from the centre point Ix'twcen the two 
coiliudrx, and the magnetic, illrct of the second mil-side appears in the 
resultant paths and the areas of the tubes. With semicircular lines, as in 
Fig. 366, the paths followed by tM l fictitious separate fluxes attributed to 
each cod-side intersect; in actual fact the flux close to the centre between 
the two wires continues onwards marly in a straight line and the actual paths 
are uowherc wndy circular. In order then to compare the resuks obtained 
on the semicircular assumption with those actually holding, some account 
must bo taken of the semicircular flux bt yond Ihe pole-pitch, Ikt the whole 
of the flux from 90° onward* to 18tF must not he directly fdded to each of 
the stijj* bar Inwards uiitlie lower (rum of Fig- 384; for we are not at present 
making any assumption as to (heart covered by ihe current-carrying coil-sides, 

1 J. Kerrlman, Recherches surges Th/nonu'nes de fa CommwiWn*. pp. 65-7. 
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And it i» therefore not known when the opposite coil-side is reached and the 
M.M.F. of the first coil-side begins to be mu rallied and (molly to vanish. 
A ju|t companion is. however, made if in Fig. 386 for every step of. say, 10 
drgrees backward from 90° towards 0°, an equal btep finward from 90 * 
toward *80* is made. When this is done, the upper di>1ti-d curves of 
Fig*. 384-5 are obtained, and it will be aw how nearly the two ipMtmenU 
coincide in the ease of a flat cure or inured for any number of |x>le(i from 
four upwards 

AH the curves of Fig. 384 approach infinity al their upper mil, but it mind 
U‘ rememlxrrvd that with only a single slot the upper limit is fixixl by half 
the angle corrc.^ffilmg to the width n 1 , of tile slot opening, or again if a wind 
itig spread over several slots or over some arc were U*inp* mu side re* I, the 
difference of magnetic potential acting between the ends of the tula* con* 
tinually diminishes as the centre line of the end side is approached and at the 



It will lie observed that, for a normal polar ;i r j: D 7 of the ]K»|<-pitrli. 
thr integrated permeance up 1 o J3J V is fairly represented by 4rt > 9-5 for 

any numlier of poles when the armature is in air. To ibis must further lx* 
added Mime allowance for the loirs spreading out laterally on cavil side i'.f 
the iore, 1 so thiit the ijrnsily of tin? flux on the slirf.u eof the cure aFits edges 
is greater tlian in .he centre. 

Finally, therefore, the permrAiice in air wit I till the arc normally covered 
■ by the jxile hicvs may witti considerable ai.niruy lx- said to In- of the order 
4r;"' 111, and this value will lx* here adopted. The reason for the division 

iif the surface into the lwo portions covered and not eivrered by the piles 
has Ixvri already ex plained in t’lwpter A\, § 21 fh|. 

fii) We nuiv pnsj. to the consideration of the t'jiutuleut f*tmraue* fur flux 
irifimi thf itUfrpnlur an When a magnetising mil has its turns divided into 
groups and lodged in slots, llie general <mthn«/of Hie aunal roursi which thr 
flux lines within the span of the magnetizing slots follow is roughly indicated 
in Fig. 387 (r). from which it will lv so n l^it iu the slots on either side of 
• the central slot with an uneven tpmiber, <*r >f the mitral pair with an even 
mini tier, the flux crlswi the slots in a more or less slanting direction {cp. 
Fig. 309). • # 

Now in the previous * alt u hit ion of |he slot inductance [Chapter XX, 
$ 24 {a)), each slot has Ixon credited with its own local system of flux, which 
pawing transversely across the slot or its mouth would yield in each tooth 
radial band*in oppwitc directions, as shown in Fig. 387 (u). With two riots 
only, the exact centre line of the intervening tooth can carry no flux, since 
frora considerations of symmetry the JJ.M I'’, of the one slot acting, say, 
outwards is balanced by that of thr other slot acting inwards. The effect of 
the second slot decreases as we procevd a^vay from ( thr centre line of the 
intervening (noth to the wall of the first slot, and t’iiw versa, 4b that Taking 

t l J. Reiel^wn, loc* cit., p. 15, 
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any section across the tooth the local flux-density is a maximum at the wall 
and thence decreases up to the centre line of the tooth where it changes 
direction. The name applies equally to ever}' pair of adjacemt^lots, so |:r as 
ary local system ofjims peculiar to each slot is concerned (Fig. 387 (a)). 



<b) 



FlO. 387 , -!\iths of flux (a) corresponding to slot induct ami*. (£►) ill 
bands linked with one or more slot*, (f) resultant. 


Now the tmnsverwl component of the actual line* of Figr'887 (c) crossing 
the skits is atyady taktn into account in the slot inductance previously con¬ 
sidered. “In calculating therefore the sipdac^-of-thc-core inductance, the 
system of Fig. 387 (<d only requires to lie simplement/xi by .a symmetrical 
system of bands of flux comniojr to groups of slots or to the slots as a whote 
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(Fi*. 387 (fe)). The action may be roughly explained by saying that a portion 
of the joint flux due to the M.M1'. of the two Central slots 1 and T is carried 
onwards acrt>f6 slots 2 and 2 ' by the M M.lv of these latter: this joint flux 
must not therefore he treated as p\rtly linked with slots % and 2‘, since these 
linkage have already been taken into account in the slot indue Unci’. 
Similarly, a parted the joint flux due to th<*M'M of the wires in slnfH 2,1.1', 2‘ 
is carried onwards across the slots 3 and and so on. It will Iv .sc*en that 
the separate Hum’s of Fig. 1187 («) and (M ut that edge of each ItKilh which in 
nearer to the centre are additive, but that at the edge of e.teh tooth which 
is farther from tin; centre they an* in npimsite dim turns. The actual result 
is that tile fticvNleiisity across a sect toil of each tooth decreases an we proceed 
from the inner wall nearer '« tile centre to the oilier wall tinker a wav. the 
flux Iving as it were driven across the slut into ihe *le\l luolll. Or the same 
effect may lx' descrilied by suing lint the tlu\ unbracing flu- outer slots is 
draw*n inwards iicm* the sluts Whether ue sav* that the Ji‘lU4i tlux is 
expanded further init#ards from the centre fir contracted inwards depends 
entirely upon the point of view adopted, atnl each is equally true. 



(a) 



(W 


I'lo. ilKS - Calculation of irulucluiUe from lines linked «>‘i1h one or more slots, 
(«) even, (/-) uneven in number. 


fn the case id an evert numlier of magnetizing slob:, e;n h half of the central 
bloth i on mines in tarry llu\ in uppmti- ilm.'i.lxiih, ami in thr aiYi^iiit given 
aliove it n assumed (hat this is the only of wlmli tins is true. It is, 

however, in*s?.ililr'ch.u if the l<c»l Hnv is very sin mg as •oinparr-il witll t hi- 
joint flux, tin* M.M.Jv of ether slots may ]«* able In esialiiisli partially its own 
local system as an at.tnalily, luit m this i jsr u will only Ini within some 
contracted area, and the local flnx wall In- dnvr n into a narrower and narrower 
strip down the edge of each l loth further from the tentie as ihe joint M.M.F. 
of the umpcTr-tuni-S increases with increasing tiuiii tiers of slots vrnbraced 
by the Hvmineiric.il flux. 

Tills jKissibilitv is, however, greatest when the armature is in air, since (lien 
the symmetrical held is weakest and the tftiglh of "path in air increases 
somewhat as the uinpere-mndiicturs Mi reuse so that the density of the 
symmetrical held dors not much increase • 

An exact deterrrtyutiim of tHt d 1 stnbut.on and magiuludif of the local 
fluxes linked with certain slots out of the total group would I*' a mathematical 
problem of great complexity, even wheirthe iron is m-gleited as l^ng hy 
comparison infinitely pen w-able. Its si^lulioii would also only lx- true for 
the particular machine possessing t.u* assumed tehitive dimensions of xlut 
and tooth. m # 

In order." then. t<i calculate the hands of sy/mm-trn al flux uml'to u sr. up 
all tlve available air-space. it will lie l**xt to imagine the amjiere-turns of each 
sloe concentrated into a line down the Autre iif tie’ slot. With an uneven 
mimticr of slots *(Kig. 3K8 {A)), the central slot in mlwcti! by its own semi¬ 
circular flux al its mouth, and the remaintng bands trill alv» be assumed to 
be semicircular. With an even ;)umber of slots |l ; ig. 388 (a)) the central 
pair have their own small local flux, and it will lx; belter as an approximation 
ft assume j*tha fur the joint bands formed by <juadrants struck from the • 
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centre of the slots nearest the middle and joined by straight lines of length f 4 . 
The extension of the symmetrical flux over the slot openings is not far from 
correct since, in proportion to the total length of path in the air, only afchort 
distance is required to complete the j>ath into the inter edges of the slot 
opening. 

With slnis equally filled with conductors {cf>. log. 388 ( 4 ) ), each slot 
will be capped by its own local flux ; this may be assumed Lo follow semi¬ 
circular paths un tile outer sides, and thence to spread out with mlucwl density 
until it die* away to on the centre Jiile of the middle /noth under the 
action of the opposing M.M.Iv of the scon in I slot. At n certain point along 
the tooth outside the pciif of slots, the flux linked with hdth slots begins, 
the dividing linooixurring when the M.M.Iv of one slot diviikd by the reluct¬ 
ance of its path b equal ,*o the M.M.F. of two slots divided by the reluctance 
of tile alternative path. I .ft A' lx- the fraction of the tooth width w tl at which 
the boy Hilary line falls ^ then the fraction x is given by the relation 

' . i a 

r(4t«'„ i O-Sa-j) (I Sri;,) | /, 


it \i rr/«' ei 
or in terms of tho tooth pitch. 
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U 
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si) that the local flux linked only with one dot always ends at a distance of 

(« ' v) * V h i» *♦* \ ) IMlIflfr from the centre line in the 

case of a Hat lore. Owing to the convex curvature of fin- armature, the real 
value of x is sun lew lut givVei, but the dilfemice is negligible. 

TlA permeance o* ihe UnuI flux is then 

• • H h*a.*) 

0-202, and the ouelhuienl in relation 
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With /, 15 in., this is equal to - 

to in • n 

{ \ \b2 >; o-a)2 0 93 

The permeance of the joint llux tip to the pole-tip** 
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and if /, 2*5 ie„ * 
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2 3, / /> \ 1 
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TT * yip * re, / , 4 

* . * 

Adding 10 for the region normally midq*- the poles, the «oePhcient for the total 
equivalent ixmiriiiia’ is 

' 4 «■ f>-2 lug (-- - x 0 296 ■- 0-2*5'l + 0-93 -I 10 

, \ -P x “ i , / , 

The curve for , s-: 0-5 in big 360 is thus obtained. 
h | , '» 

Triftl with ~ w % and /, !ftr, shows that Hut little iliRfrertcc ia produced 
by tlumge m the ratio of a 1 *: ir r ; the local flux is nxluqfd, btif, the joint flux 
if increased, and cm the whole t^ere is a slight increase. • • 
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When the short-circuited cull sides are not equally divided between the 
two *loU, let / =** the number of coil-sides short-circuited in that slot which 
has#he gn-aftr number, and let g -■= the smaller immlx-r of the other slot. 
The local flux of th*/ group naturally exceeds llmt of the4; grvnp :md demands 
more width on the tuoth-ernwn on cither side of tlu v j slot. The centre of 
gravity as it were of the total flux is t^us slutted toward* the fcKioiip. It 
may, however, with sufficient accuracy U* assumel that the dividing line 
lx'lween tlie local fluxes and tlie joint flux is simply shifted, s«j thill the mean 
value t - xw n * 4,r wl»allv filled slots 'I hr lesser arc and 

pcriueaiur on the/ side letwmi the dividing line and the pule tip will further 
lie practunljy‘tMlciilci'd by the greater arc and pi'iuirume oji the tf side up 



of a ftumlxT, 

• 

to the other p«4c tip. On such approximate assumptions the second and 
fnnrlli corves of Ki>f. 360 arc ohtahii'il, and ipato^on* 1 * those fur 3 and -1 slots. 
(Figs. 3f)J, Ml) 

The curves for one slot and for the ten ltd or tile slot nearest to the centre 
out of 2, 3, 4, 5 slots, in tilt h cage equally Pled, aft* enllectctl iij Fig. 389, fmm 
winch it will be st^*n that the c urves for 2 and 4 shits are I net lit lie higher 
than those for 3 ami 5 slots respectively! Tills might he ixpctiil from tile 
comparatively small *1 mount of flux between Urn lentral pair of an evc-n 
number of shits, ami the fact that with an even mimlttr no one slot is linked 
with all the flux. * 

If the* bhek pitch v s l reclamed in slots is made (v # - tj/j#as r^cmnineiidcd 
in (.Chapter XT, 4 12 (equation 49), tlie advantage is gamed that tJie *c coil* 
(^m'S}M>ndmg to a slot cun 1* taped uj) into a joint comjxisiti: coil for inser¬ 
tion into the* gluts as a whole. Jhit the divergence tif yj from Sftf may 
then lie appreciable (especially in Hu: ugave-connegted armature witn Sflp 
fractional), and ums<-i|ucnriy the spread of the short-cireused ^dNidcs in 
the omniiifating jone calls fof a proportionately wide commutating pole- 
• shoe (r/>. Ijlg. 364), In such cases, in order to lessen the necessary width # 
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of the commutating pole-face, it may become advisable to adopt two values 
for tile back slot-pitch, eg. mth 6 coil-sides per slot, two of the c coils to 
have y j, 1 (y„. J)/« and the remaining third coil to have 8ns longeifback 
slot-pitch of v fi l t-J. The composite coil is thus " spli^" and the two divi¬ 
sions of tlu' one coil side must be separately taped and inserted separately 
as an upper layer in two slots. *tyit the average pitch uf the three is now 
y B l \, or in gein ril it is y fl l I- a fraction, which may be more nearly equal 
to Sflp nut I closely approach the diametric case. 

The rlfi-ct of such 11 split" coils is to modify such diagram^ as those given 
in h'jg. 384 lr>r a hat.k .dot-pitch, which is the nearest to the pole-pitch ; 

..hair i rises are obtained, and both the slot and cure surface }*r- 

mwnw t-n are a J fitted. WlUc tienelidal from the £land point of commutating- 
gxilo width, it destroys complete similarity between all the component coils. 
t»n the otticr hand, it must be remembered that so fur as commutation is 
i mid-mid, the last uiil in a slot to !*• commuted is ril ready under condi¬ 
tions dVlfcrent fr%m IhoVe of its lending neighbours i*i the sauu* slot. The 
advantage or otherwise of the arrangement therefore d?,H-nds on the 
urc iimsUiiu's of tin* case. > 



II. Vhq end-connexion permeance, -The inductance uf the endtomtt'xuun 
of a cod ni ;i Kurd wtuind armature is in stnctruis nut simply ppqiortinitul 
to tliej^ length, since it dcjix-inls upon the sha[x- nf the coil and the area of 
the pillt which is traversed by the lines linked with the ends. In the case of 
a circular coil entirely in air or liaif cmlx-ddcd ill iron liiriMighuiit its length, 
9q that every centimetre length is exactly similarly cirvudistanced, tlic area 
corn's )N»ii(liug to acentnriHre length of the | mri phery is a wodye-sliajHa I sector; 
since thcdriisiU ol the lines decreases towards I lie centre, a, 1 qua re centimetre 
near the periphery of the ring is of more account tliw «nns near the centre; 
hence, an the dianu-ter ami length of a turn are increased, the lines per centi’ 
metre length of the periphery and |x r t-.li.S. turn-ML-turn rise very slowly, 
and become fairly constant When surrounded entirely by air. this point at 
which the curved lines jut ivutimeirf length li-nmies nearly tint is reached 
when a duon<lee ol 50 centimetre* is exiwilcd, and a figure of some 8 to 10 
lines jer centimetre length is reached- \Vj>h a rectangular eoil live ill air 
the smile effect potent ; llie maximum numlier uf lines per centimetre 
length is necessarily obtained ffiW lilt; Coil is square, hut the reduction us 
the coil is narrowed is not very marked imlil one pair of parallel sides is less 
than 20 centimetre* apart. 1 The* V-stuped end-connexions of a barrel-wound 
coil, (VU'Ji of thiigth V cen time Ires, if grouped together (f ? ig, 390], approach 
fairly closely to the cam- of a dic(f? in air, and may be replaced thefeby if 
we ignore tlu- inline nco of the proximity of the iron .solo; in a tar-wound 
armature with involute end connectors which lie more closely to The core, 
n soiurwluit higher inductance would lie reached. 

It is therefore practically legitimate to treat the eml-conncctorj* as linked 
with ci email! mix per centimetre length, and the inductance of the ends 
uf n d nun-coil when barrel-wound may be approximated as follows. At e*,eh 

end the end-connexions of j e coils run side by side, where j t ** the 

u m t ' 1. I 

1 H. M* Hobart. " Modern Comma Utirtg Dynamo Machinery," Journ. 
LE E., Vol. 31, pp. 135 ff. . * 
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number oJ sections short-circuited simultaneously at one brush, and between 
the considered coil and the remainder there isfhutual inductance. U'l d t 
the dipmeter dt a circle whose periphery is equal to that ol tbr gnmp ol j t 
cud-ends, inclusive uj insulation and any air-gaffe which thure biav lx- U-tween 
them (Fig. 391, where, eg the periphery of‘the dotted un it* js\-<m;d to the 
j>eriphery of tin* rectangular packet of tl*t4 coil mills, e;uh condoling four 
wires). The circle of Fig. 39U equivalent to the two V-shaped sets nf a luirrel 
armature has a radius of r *-• Vies. The permeance nf a t vtimh-r of air omml 
the coil-cnds, of width dx [Fig. :W2), and extending half the circle 

corresponding tftc connexions at one end of the armature, is - - , if we 

• sir* 

m gleet its gradual contraction Inwards Hie renlre of the cinV ; this i> a> ted 
upon by a of 4 rtuj L . An element of the "induelaiue fc therefore* 

, 4jsti ,f ;JVjr ,, „dx , , , , , . .. . 

« —"ttt ' " ~"j iU5t * of Utneeii th-^himls 

of the radius the complete equivalent circle and Uu- radium dj'l of ih<- 
small circle ^presenting the section of the coils is 

V 


II 


l L i., 


2 ’ 4 ['"Su^ !•'«*'-] IMS 


If a and !> are the two dimensions of the pac tod. I c. ils height ami width 

tsi/ , ii 1^ simpler to ir|. 


(Fig. 391) so that its periphery is !i{ti f- It) 
terms, and we have 

Tiie self ami mutual inductance of one end of Fn^li i' u<mM 1In-refi»ie I 


(am Hus 


lit 


wV'A^y 


h \ r • 

- -?*) : : log r X 10 " I.. 

*> / > o h ft 


ami the value 

X 


1 c/e 

h t) ■ k* ‘ - 

V • (■ / , (<< r H 


lion in (1H7) would !«■ 
ft- \ . V 


This slightly exceeds the true value even for a circle, and more exactly if 
the V-shaped ends are groups tngethej to form a squant(Kiif 393) instead 

of a circle the logarithmic term becomes log ^ ^ , An l expression 

for the circular approximation would in fart give the 
maximum for a given value of V, and the morion tinted 
the V, the less themdm l:mn ; but the above expression 
is sufficiently near to the truth. • 

* Hut though a single crnl-coimcxfOri or a xiuftll group 
<>f j e end-connexions oy themselves would he emirr.led 
by the above flux, m JJieir actual position mi iilnml- 
wound armature in two layers their t:fte is quite 
different. Just before commutation t'fc current sheets 
on either side of them in tile sami* layer lire iti oppo¬ 
site directioifs, and may tv allowed to cancel one 
another on each side of the end-connexion considered, 
but fn addition the half eml-ronm a xinn ii the upper 
layer finds itseli .crossing nearly at right angles a 
current-sheet in one direction, and th^^hatf end-con- • ^ # 

ncxion in the lower layer findaVxcU below a current-sheet crossing it at right 
angles in the opposite direction If, therefore, both layers are cut through 
at Various points down the V, and the directyn of the axial component of 



Fin. , 303.« length 

for calculation nf 
permeance of V 
end connexion. 
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th» current 1 is marked, the general cHctt is that one leg is situated above 
currents in the opposite ilircllion, and this leg changes during commutation 
(Kig. 394). The same is also true of the circumferential cdhqxment® The 
consequence is that the end-connexion does not start with the full value 
of the flux as above calculated, nor docs it end with the full value reversed. 
As an ajfjwoxinute allowance the* something over half will be taken, and 

■ ■ (I89) 

has twen assumed ii] Chapter XX. $ 24 (r). * 




% comrautatlOD. 

f ■ 

I'lti. SHI. l^urn'iits in dimblMiiyrr ciKl-CDniirxinnH 
in r« lulH>il to slmrl circuiti'il loop. 



Fits. IWS.' ^oliil held from ilc»uT>le-l;tycr 
end -eon lie \i mis. 


4 4 f « 

The same result must follow with iwfrd linear cnlii mutation if thf? end- 
runnexion h an' assumed lo rTiovf through the actual armature end-field fixed 
in si[NiC(' {(•/>. Chapter X X, § 111). lr the iUtual end*erfmlevionsshrqtlof current 
cnifW one another ill directions nearly at right audios in (he ii|j|k.t and lower 
layer* respectively Their resultant magnet if effect at any s|x»t is the refute 
th^it iiiii" to rtn equivalent single slici't of currtfit which \% tin* wuilUnt of the 
two. When the end-connexion* of a i»oU:-]kur an* thus analysed they resolve 
t Urinatives into a pair of trianguUr current-sheets in which the magnetizing 
current flows axially, am! a pair of similar triangular sheets yvwhich the current 
Rows circuinlen'iitui^iy. Joining the strips of current, tile field as shown 

1 For '• axial*' and * circuinfervntiaf” component currents in the end- 
cwinexiun*, cf. Chap. XIX, |5. *• • 
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by the dot9 and crosses in Fig. 395 is found to change its direction nt the centre 
between two commutation zones, to tie a maxinfum at rat'll commutation zone, 
and decrca# in density towards the outer edge of the winding. The nub 
connexions of diametric loops in the middle of their ttwitimlation form the 
boundaries of the triangular current-sheets, and with linear commutation 
these latter remain jvrfectly fixed in spaty ’If therefore H c U* lhe«ua\iiniiLu 
value of the flux-density near to the armature ami this falls off at a uniform 
rate to zero at the apex of the V, the- F.M.F. induced in one end •connexion 

of a cod is 2 f) sin u :< t ^ \ III ® 


4xr — sum .... . 

. . Ip if/ st n a • 

The density li, is roughly _ {> 

'• W*' n 

and thence Institution, the K.M.F, nf the end is 
w' — r x 20 sin* <i X ■' 10 * 

so that A' 20^ , — sm*rt, and if « 30’*, 5 ^ 1 , " l , which is of the 

h o 


right order of figures. 

Owing to the mutual inductance from coilpml^ short nrmiled m Uir same 
slots but in another layer, the simple addition of ihe axial width ot tile air- 
ducts to the length i* of the etld-connexmii, as let nmiitemlcd on |i III, 

is not strictly correct and slight 1 v*under estimates the effect \ 1/4 F. r>igel, 
lui.l/., Vo] 3d, p. Id I, and it/... Vt»l, 4\. jr H27 



CHAPTER XXI 

‘ • nil! HJiATING or DYNAMOS ' 

} 1. Riie of temperature in dynamo at work.— No subject is of 
greater importance, alike to tlic designer and the user, than the 
question of the healing of dynamos. The continuous generation 
of heat m the armature and magnet-windings of all dynamos, so 
long as they are at work, is a necessary consequence of the passage 
of the current through their coils, and the apjiearance of this heat 
implies that a corresponding amount of cncrgy-is " lost,” in so far 
as no useful wf>rk [s derived from il. All tluit’can be done from the 
point of show of economy is to minimize the amount of the heat 
wliielt is tints generated, so as to obtain a reasonably high efficiency, 
suited to the circumstances of any given case. Agjp:L. t ’Owevcr. 
from the question of the amount of heat prrfctuced every second, or 
its rate of generation in waits, there is the further anti equally 
inqxirtaiil question of tiie^tcmperature to which any part of the 
dynamo is thereby raised. Whether it be the field magnet coils or 
l he armature which is the source of heft in question, when the machine 
is set to work the temperature of their mass gradually and continu¬ 
ously rises above llie temperature of the surrounding air, until, 
finally,,the rate at which the heat is generated is balanced by the 
rate at which it is carried olf by radiatis.i, convection, and con- 
lluetibii. Evidently Hie rise of temperature depends essentially 
upon the amount of routing surface provided and its actual effective¬ 
ness in dissipating heat, and, this being so, it follows that it may be 
regulated so as not to exceed a certain maxjimmi^if the amount of 
cooling surface be duly proportioned tocthe watts expended. 
Careful consideration of tile matter is necessary for the following 
reasons. A large range of temperature is disadvantageous to the 
working of a dynamo thruugh Vs effect on the regulation of its 
voltage. A high temperature is ilctrimcntal through its effect on the 
clficiciiry of the mjichine; and still more so on account of its effect on 
the durability of the insulation. Each of the three reasons will 
now in him Iv considered, the last living of the greatest importance. 

{ 2. Disadvantage of large temperature ranges lesser constancy 
of voltage. -Owing to 'the* rise in temperature of a dynamo 
when at work, the separately-excited or shunt-wound machine 
requires the I’.I). applied to its exciting coils to be raised if the same 
nuwbcroif ampere-turns is to lie maintained when the field-winding 
is hot as when i t is cold; while,,if the terminal voltage of the dyngmo 
is to be kept constant, its internal E.M.F. must jw increased in 
orde( to copipensafo for tjie sneftased loss of volts over the heated 
armature coils, and this necessitates vither a further increase in the 
exciting P.D. or a higher # spced of rotation. Vsually, therefore. 
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allowance must be made for the heating of the machine in the 
desigjj, of its adjustable field rheostat. 

Similarly, the self-regulation of the compomnl-jitwnd machine 
for constant potential is injuriously affected by die differences in 
the resistances of its shunt, series. Snd armature coils «V« hot 
and when cold; if correctly compounded when cold, the constancy 
of the jiotcntisi must necessarily lx; inferior when it is hot, or vice 
rasa. In fad, nl designing compound-wound machines it is 
especially important that the rise of tempera lure of th* Held-magnet 
winding he not so great as to affect seriously tlufcoinpoundhig action * 
of the two sets of noils, and it should prefora I jy lx> limited ;y the 
most to about 30’ C*or 5.S° I', on the surface. _ * 

§ 3. Disadvantages of high temperatures. Increase of electrical 
resistance.— In the next place, the higher the trmj>cra(ure of any 
jxirtion y^je electrical circuit of a dynamo, the gn-aler is the loss 
of volts and also of energy due to the passage of a given rurrent 
through it. The limits of tem;ieratur<' within which dynamos are 
worked under average conditions may h^jal-in us 20' C. and fi 0 ° C , 
or, say, 70" F\ and N 0 ‘ F., the former convs|Kmdiiig to an average 
value for the temperature of surrounding air in the engine or dynamo 
room, and the latter to an ultimate teiii|KTatuie which it’is usual 
for the coils to attain when the dynamo if worked continuously, 
or for many hours together, at its normal output. t 

Helween 0 ‘F. and ltKI°C. the resistivity of*annealed copper 
increases uniformly with the ten literal lire, tV.rfollows a straight-line* 
law, If this law still held strictly at lower temperatures, the resist¬ 
ivity would be writ at some low temperature, jusl as the volume* 
of a perfect gas would be zero at the absolute zero of temperature. 
Taking the International l.lectroleeluiical (’ominission's (1913) 
figure of ()IXt427 per f t, for the It inprndorc eoi-IVicieiil (at ron- 
stant mass) of tltt) per cent, conductivity copjH t at If' (the inferred 
zero of resistivity will occur at ' 


1 

(100427 


- 234 -5' <\> 391) F. 

y • 


We then have }< w r y* .. , ) , 314.5 
* I" ‘-234-5 

where 7'“ is the ini Hal. temperature a yd t° the rise above both 
in degrees Centigrade, or • 

l'l ° \ C) I- 390 


T° 390 


where T° and t° are in degrees Fahr • 

1 The same figure is also the f Jritish | ; ftgm<y-nq£ Sfam^anls 

Committee (Standardisation Kulea Jor Klettncal Machinery NV 72 (19J7), 
Art. 77}. The ^equense of the figures for Centigrade df grcrs renders them 
to remenfber. 
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Further, Messrs. Wolff t and Dellinger 1 have shown that within 
practical limits the conductivity and temperature coefficient are 
proportional to, a high degree of accuracy, so that, if the conduc¬ 
tivity at 0’ C. is 98 |>cr cent, pf the standard at O’ C., the temperature 
coefficient will he 98 ]x;r cent. M 0 00427 at 0” C,, or its temperature 
of zero resistivity becomes 

1 _ 214-5 

098 x 0-80427 0-98 

f 

If li n the measured resistance at a known temperature 

.. t ... „ „ an unknoswn „ T t ° 

T a ° -- Ti | 284-5) - 284-5 in degrees Centigrade 

''ii 

K 

-• (7',° | 390) 390 „■ .. FahrcjjJigiL, 

•'ti i 

From the two measured resistances therefore the mean temperature 
7',° ol a winding whichJias resistance A' T] at temperature '1\° can 
lie at once determined, anil also the risr in temperature as 


i° - *7V - 7’,* • 11 (284 5 1 7',“) in degrees Centigrade 

*'ii 

. * .... (207) 

/\ r | IViU 

234-5 ”, ! „ T° TP '• 

• * «t, . « tl 1 1 


The teuijs'iatuie coefficient giving the increase in resistance 
}x-r decree rise living 1/(284-5 \ or 1/(890 | T"‘ F.), the 

ratio of (he increased resistance for a given rise of temperature 
In the original resistance evidently dc|>ctids trpon the. starling point, 
i.t. upon the leni|xratureat which the original resistance is measured, 
thus the (lerccnjage increase for each degree lierumes greater as 
the starting point is lowered, aiulVir t er««, as shown hy the following 
table— 


< 


7V»i/viti/»»’r‘ lit trltit 

ft flip £ii’P ii 

hut,,uc in ri'>i\lancr per <>4w of 


• /fl iff/.-S . t 

initial rrf 



*V 

IX't ,- C. *i 

JKT '‘V. 

0 

:vi 

0-00427 1 \ 

0W237 

s 

4\ 

‘ 000418 ! 

0.00232 

10 

SO 

0 0040# 

U00227 


S9 

0-lH)40L ; 

OM223 

20 

08 

0 00393 

0-00218 

25 

77 * 

0 00385 

000214 * 

:«> 


0-1 >0379 ; 

0 00210 

35 

95 

0’tH>371 

0 00200 

4u ; 

104‘‘ 

0-<*364 , 

1 

0 00202 

* 

i Ilulk'tm of the t r .S. Hutc^u of SUiulards, VoL 7, 

‘ 4 * 
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To take a numerical instance, the increase in the resistance of 
the copper wye on an armature which rises 72° F. (40° C.) above 
the tAiperaturc o^the air of the dynamo room when this is 70° is 

72 X agoTro = 72 X * O' 15 * 5 - 

nr 15} per cenf. oj its initial resistance at 70° F. lint if R is calcu¬ 
lated during the process of design from a liable of resistance at a 
standard temperature of B8"F. (20" C.), the pcivent^e increase is 
0-2183 for each degree Fahrenheit, 1 and K hot at 142" F. is * 

(1 4- 0 002183 x 74) # :- 1161S times R cold ahfitT 1 # ; whiWrom 
a standard initial temperature of GO’ F. the temperature coetlicietil 
is 0-00222, <*) that the hot resistance would In- 1-182 times its cold 
resistance, calculated from tire wire table for Ml” l-'. 

In tlKMMfeof coils with \ large numliec of layers, as already • 
explained in Chapter aVI, § 1G, the mean Iniipi-raluri- as deduced 
from measurement of the resislame is Considerably higher than 
(hat of the surface as measured by a Ihewaanicter plarccf in contact 
with the outer insulating covering of tin- t(inductors. Thus 
our previous calculation (Chapter X V1T, $8), for a depth of winding 
of 2{", was finally based on a mean rise of tcmpirnhire for file 
well ventilated coil 1 -SO times (tie surface i*se , for with a surface 
rise? of 45" F. the increase of its resistance w(jl then be».ibout 
0-218 (45 v l-53 .[ 2) r *1G jrer relit. of its resistance cold at G8' F., 
the temperature of the surrounding air in the Engine room when the 
machine is at work Ix-mg assumed to be 70” F. Such considerable 
percentages show that the effects of healing must on no arcijput lie* 
neglected in designing machines or in estimating their efficiency, 
liven in armatures withy single layer of conductors, if they are the 
rotating portion, there may lie a divergence of some 30 j>er cent. 
Ijetwevn their actual temperature as di-riiiied from gieasiiremrnts of 
their resistance immediately after slopping and the tcm}vralurc 
measured by a thermometer laid on their exterior.* Measurements 
of the rise of resistance, therefore, if tyken to«i higli degree of 
accuracy, give more information than the tem]Miraturei>f the exterior 
£3 measured by the thernmnu-y-r, althoujli in the case of armatures 
their very losv resistance may necessitate the use of a Thomson 
double bridge or othet suitable melhoJ). 

{ 4. Deterioration ol insulating materials. - But, thirdly, and of 
chief importance, if the temperature of any' coil becomeji very high, 
the cotton or other fibrous material commonly used for the inSilalihg 
covtfring of the copper wires will lie burnt or charred ; the insulation 
•» 

1 The approximate figure 0-^2 has been jflvep in Chi pier X^ft, $ IS* and 
employed in Chapter XVII, § 8. a 

• E. Wilsons*’' The Heating of Dynamos." glcc/ncim (lith OU . 1895). 
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tietween neighbouring turns is thus broken down, and the short- 
circuiting which ensues is only terminated by complete collapse. 

A “ burnt-out ’'.armature may be the result of ap accidental Short- 
circuiting of the machine, the heat from the excessive current almost 
instantaneously raising Hie tcifiperature so much as literally to bum 
the insulation. Quite apart, however, from such accidental heating 
the result of continually working a machine at a high temperature is 
a gradual deterioration in the toughness and mechanical strength of 
all fibrous intulating coverings. Slowly'but surely they liecome 
“charred and rotten, tfic cotton or oiled linen crumbling away when 
touched, and the Slackened paper and prgss-spahn becoming 
excessively brittle; so that, although the insulation resistances 
may still remain very high, the liability to a breakdown is enor¬ 
mously increased. 'Hie cotton covering of internal layers of wire 
which have been continuously subjected to high tcm^>cn^.urcs may 
lx; found lo be a mere charred powder, whi ;h can lie wiped away 
with (tie linger. 1 

Although fibrous mat eria ls in general have a very long life if an 
ultimate temperature of 90"C. is never exceeded, yet as soon as 
100’C, is exceeded, their mechanical strength is so s|)cedily and so 
seriot i si/impaired that they fail to maintain the requisite meclianical 
distances lictwcen conductors and conducting structures. The 
longevity of even low-volt:igc machines may thus lrecome reduced 
to a matter jxirha'lts of weeks instead of years. 5 
* 5 6. Maximum permissible temperature. -The ultimate teni(>cra- 
ture attained by a dynamo when at work is finis of the utmost 
importance, and practically it is the ultimate temperature of the 
iHsnlatlnu which is decisive when from considerations of durability 
we are led to fix a maximum temperature..wliieli no part of the 
machine should exceed in continuous working 

lSy tile use of insulating materials, such as mica and micanite, 
which may by contrast with eoMon aiul paper lie called fireproof, 
very high tem|KTatures Itecome permissible, such as 150° €. or 
1W0* F. Field-magnet coils of thin and wide copper tape can be 
successfully insulated with thin mica or asbestos sheet, and drum 
toothed armatures with burred winding of bars can be insulated 
witli niieanile troiigiis to fake the liars within i*be slots, although 
such constructions art nth suitable lot high-vol^e cobs ani stnai\ 
armature, wires, owing to fbfcVtwsm oAhcb they occupy. «But even 
rWwgh the insulation may 1m ipibe satisfactory to withstand high 
tempeicilifts, the useful field for a “ ffteproof ” construction, at 
cast hi the i use of continuous-current dynamos which are normally 
uorkec in reasonable temperatures, is very limi^d. The heat 
gradually spreads to the coiamMator and brushes, and impairs the 
1 Cf 11ku>. Sill, § 17; and K, II. K.ivift-r. jour,, I.E.E., Vol. 34. p. 6S6. 

. 1 Cf.C. l'.St.iiiimtiamllt luuunte, V>«nj. d./.£?.. Vol. Part I. p.«t. 
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commutation, while the first consideration of § 2, namely, the great 
difference in.the electrical resistances when hat ;uid when cold, 
make\ the regulation of the voltage more difficult. , It is, therefore, 
mainly in connexion with large turbo-alternators that the jwssible use 
of materials of class B (described befbw) at very high temperatures 
has been discussed, and will again lie alluded to in Chap. XXX. 

Based on the recommendations of the International Electro¬ 
technical Commission at its meeting of If) 13, the British Standard¬ 
isation Rules for Electrical Machinery issued by the British 
Engineering Standards Committee (No. 72—19t7, Apjiendix I) and* 
the Standardization Rules 1 of the American Institute of Electrical 
Engineers agree m*fixing the maximum tem^ieraAire to which 
various materials should be subjected as shown in the first column 
by their division into three classes— 


A, Cotton, silk, pajKT, ami similar 
materials when impregnated or 
i turner si *t I in ml 

I'ntlon, silk. paper, .uni similar 
lU.ilcTials wlii'ii mi/ nuprr^ii^tiyJ 
or imineninl in nil 
11, Mita, usbfstos, ami other hr;U- 
n-sistinR materials combinml with 
A material as dcsi ribnl Ivin* 

(•, Materials capable t i f lnnhcr 

tcinpcnit urts 11 tat i class I >, sin li 
a* pure mica * 


Hii nf'ii/m 

/■n »ii"iM< 1 

105 c T^2I V.) 

9*V (l>M r> l\) 

• 

125 * 1 ’,. ['IST 1 ) 


A/ii iiwt>M 
fiwt liifiln 
U'mptl-ttuU Htt. 

I>5° C (117* 1 .) 
su“ i* (oo° t j 
«»■ c. s;f' F.) 

i • 

MHVilllll. 


if a material or binder of class A is used in roiijmnlion wjjh class 
B material, but Jor structural jmrjiosMi only, so that the former 
may be destroyed wifliyut impairing the insulating or mechanical 
qualities of the insulation, the combined material may be reckoned 
as lielonging to class B. , , . . 

Wlien the insulation is Composed of several different materials, 
the material with the lowest allowable t.unjieiature is to fix the 
temperature limit, tail " material employed in email quantity in 
the construction and not relied upon continuously as a support 
Joe the insulating material 1 ' jiccd not Jh: regarded as yart of the 
insulation under tills rule. Ttie latter rtihji, therefore, would appear 
to meet the case of*inicanite backed j*th lliin paper or cloth, where 
the deterioration of the backing will not impair the insulation when 
once it is in place. ! , , 

When different insulating materials are used in differedt^iart* of 

• • 

* Trans. Amc tt I.E.E., Vol. 40 (192IJ, p. 1571. 

* Mr. J. S. Peck, in discussion on Mr. Beerest's pj(x.-r " Nojcs on j n Cer¬ 
ruti ooal Standardisation ot Pler.tr rear Machitftry." Joum. I.E.E., Vot. S2, 
p.244; and Messrs.-Merrill. Powell, and Robbia*, Trans. Amer. l.E.E. t 
VW. 32, Part*!, p. 94. 

I*—(9MM) 
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one winding (e.g. (he slot tyid end portions of a coil), the temperature 
of each maicrial must fall within its prescribed limits* t 

| 8. Mflrim nm permissible rise ot temperatufi as limiting out¬ 
put. —Having thus fixed upon a maximum permissible temperature, 
it is evident that the number of degrees by which a dynamo may be 
ai/owed to rise in temperature without exceeding th<; limit depends 
upon the starting point troni which the rise takes place; in other 
words, upon the temperature of the surrounding air during the 
.working of the dynapiti. Thus, in the case of dynamos working in 
hot atmospheres, (or instance, in the engine-room of a steamer in 
the liopirs, w^erc the normal temperature may be, and frequently 
is, as much as 4(S’ C. (115° I*'.), the permissible rise is inucti smaller 
than in the case of a dynamo working in a well ventilated central 
station on land, where the temperature will seldom exceed 25° C. 
(77° I'\). Since the maximum current of a,dynan vfTs'tiependent 
upon the rise in tem|ierature which is permitted, it follows that the 
output is indirectly limited by the normal temjiemturc in which it 
is to work, and from wtlTtV the rise is reckoned 
]ty the Hrilisli and American Standardization Kales, 40” C. 
{104'' by. has I Ham fixed as the standard maximum temperature 
which the cooling air is likely to have in temperate climes under 
working conditions, and nonce by deducting 40° C. from the maxima 
to which the ditfe.-elit materials may be subjected, the maximum 
nemussiblr teni])eratnre rise as given in the end column of the 
(aide in the preceding section is obtained. Tile permissible rise 
having thus been mice fixed, it lias been decided that no correction 
need in. practice lie. made in cases where the nmling air during test 
is at a different temperature from that widely it will have when the 
dynamo is put into service. l ; urlher, the possible range of variation 
in the humidity of the cooling air under ordinary conditions is too 
small to require that it should lie.considered, the effect of humidity 
in increasing the cooling power being negligible unless with artificial 
ventilation the air is actually fog-laden. 1 

$ 7. Maximum observade temperature rise.— In any rules as 
to the ultimate allowable temperature it lias to lie borne in mind 
that in all probability them will lx* certain portions of the machine 
inaccessible to our measuring Instruments, at which the temperature 
of the insulation will exceed that which can be directly .observed. 
Owing to this fact the increasc-ot-resislance method of measuring 
the temperature ot windings in order la determine durability is 
really only applicable to field coils and some stator windings where 
it is known fairly accurately by how much the temperature of the 
hottest part exceeds the average temi»crature. 

1 Mam hard amt Amtersnn. /no.'J -im-r Vol. J2, l*art t, p. 296 i 

Skintior, Limbi', and Thomas, l,*c. cit., p, 296 ; and Fran!. and Dover. be fit., 
p. 24iA • ’ 1 
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In order to take into account the possible presence of local 
" hot spots u in windings, the American Standardization Rules 
simply deduct from (lie maximum permissible temperatures and 
rises a margin of 15° C. wlien measurement is made by the{nmmeter 
(except when applied directly to the surface of a bare winding, 
such as an edgewise strip conductor or cast copper winding, in which 
case a correction of 5° C. is permitted), and of 10 ! C. when measure¬ 
ment is made*by the resistance method, so that a second analogous 
table results as follows * 

/,r«rtf|>n' / iJKri/tNf 

■ -fir fit III hit 

• li ill^rTitfNl.) ff»»/fri|'«»l Ml/. 

( lass A mali-rial : Iiv ffuToionn-li-r HIV i\ ilM-l Ft ' 50' f (HU" V j 

,, ,. „ resistance iitctlind H.V 1‘ (‘JUS I-') 55” l’. (HO n !■') 

(If ireateil'linpri-jjiialnt, or inum-rml 
hi oil, ami 15” <'. loss if i in! (realist, 
iTHprrxuatvU, or iiniiwrsisl 411 oil) 

( lass 11 m.ur,...1 by thi;rm»mel<r lie 1 : 1 7u l' (1‘Jli']■’) 

,, „ „ „ nsHslaiirc liiethml list ; JIUI I 1 75 l' (IUS I- ) 

The British Standardisation Rules jjyuire the temperature of 
the shunt or separately-excited tlcld-w i mil IIS's of a eouliiiiious- 
current maeliiue in general, ami the trui]ieiature of the field-wind¬ 
ings of an alternator always, to l-e ascertained hv the resistance 
method, while the teni(Hrature of the mainline, roiniimtatnr, 
series tick! coils andeoinmiitalii)g-|K>le coils of the continuous current 
machine may lie measured hv thermometer; the stator winding 
of an alternator for less than SOCK) volts may also lie measured by 
thermometer, hut above this voltage, the measurement, whenever 
practicable, is to lie by the resistance method. According then 
to the prescribed method of measurement, the same Imuts'arc laid 
down as above in t'w American Stalidardiz.ilion Rules, if the 
•rotating machine is wound for a pressure not exceeding StKKl volts, 
but if wound for a pressure exceeding this value, IJ " t is to he de¬ 
ducted from the limiting oiiscrvahlh lem|M-ralum for each ItKK) volts 
or part thereof by which the rated pressure exceeds 5(>t>t) volts. 
Fur commutators the limiting observable tcniiyraturc and limit¬ 
ing observable temperature rise are iKed at 90° ( . and 50" C. 
respectively. • 

* In a homogeneous body fliroiighinn the interior ol* which llie 
souice of heat is distributed uniformly, Idt 
■r _ 7 ' 0 1 • 

*_ n|/ J o _ 1 

r® .r > 1 a e 

1 !-y.n * • g- , 

where T„° is the temperature of the outer surface, 

T °„„ is the temperature of the hottest s|x>t, 

7'is the mean ttmjxrature of the vihole. 

T® -fl-ctT® 

TJcn r„ v -f fl - a)T,° ] 
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Prof. M. Vidmar 1 has (hence proposed that the temperature 
T°, of the hottest spot should l)e estimated from tfte measured 
mean temperature 7'°„ w „ and measured temperature 7,“ of the^uter 
surface upon the assumption that a =-- 2 or c — J, * so that, 

7 “ — 21° *- T ° 

* w«jf fw*a* J p 

Inducting 7',°, tlie temperature of tlie ambient air, from both 

sides of tlie equation. * , 

T° ... t “ /» -- 07 “ _ 7' ° _ r “ 

* fNAJf . * a *T nt%* ffiM t 4 c 


t 27“ 


- 2T.* - (7V - '7'.°) 


That is, the mean temporal iirr-Wic, f r „„„„ is the mean of the rises 
of the hottest spot l r and of the outer surface l,„ 

It has been found by call illation and actual ux)vrimenl on coils 
of different forms that c dues not, in fact, vary witlrl\**‘afT<i usually 
falls between O S ami (Hi. There remains, however, the difficulty 
that the surface teuqirratiire is assumed uniform, and further that 
the Surface linqicraliire'Tb tic inserted in the equation must for 
accuracy Is- that ol the copper obtained by tin: use of a thermo¬ 
element or (bin test-coil applied uiuli*r (hr. coil wrapping ; ordinary 
measurement of surface temperature by ihermnnieter will not yield 
the in format ion nqilirf'd for a true estimate of the maximum 
tern peril lire. 4 • c 

, | 8. Embedded temperature-detectors. By Hu- employment of 
tliernm-cmiples or resistance-themiometels, cmtieddi-d in die slots 
as temperature detectors, * it may tie expel led that tlie highest 
temperature reached at any spot will lie more nearly tneasiircd. 
Consequently till! use of such emticdded lci t Il))cr L ct lire detectors is 
encouraged by allowing a closer approach-to the real jiermissildc 
limiting teuqxirature. Tlie Atncrican Standardization Rules, 
therefore, neplirv a deduction ed S" (> only from the maxima 
appropriate to the class ol material in die case of two-layer windings 
for all voltages nidi ilolectors between a coil-side and the core, 
and Ixitwren the layers, Vhu return to a deduction id 10' C. for 
single-layer windings for l voltages not exceeding 5000, with 
detectors between c>>il side and cone anil tx’tween coil-side and- 


1 f:. ti. M., Vnt. ,U* jip. 4(7amt IS4. 

* liitlifr form is fonml in 'litfrrftit papers. * 

1 AnkU- fur Wi'klnf > Vol. 7. p. 41“ (W. Kogowski), and Vnl. 8. p. 117 
(M. Jakob). 

c.trrVie {Ur F.Iektm.. Vol. 8, pp. I US amt :I62 (M. Jakob), ami P 329 
(W. Kn^m'ski and V. Yicwcg); TZ, \\>i. 4 J, p. 4>4tt (K. Lubnwshy). 

• For iiiK'h sjH ii.il iiirtliiHls nf nttasiirnni'iit and the adv^rtage of thermo* 

couples ovTr exploring mils, sec eBjie^iHv the pai*rs nf Messrs, L \V, Chubb, 
K. ItHuU-.Hiul O. W. A. >Uin« Trans. A met. f £./?.. V<>l, 32. Part 1, 
p. 183; nf Mewrs, J, A. Gipp nml t- C Knbiuson, -Trans. Amer, LR.E. t 
Vol. 32. Ihirt f, p, Uw , and discnssioiu pp, 382 ff. *< * 
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wedge, while for more than 5000 volts, swing to the greater thick¬ 
ness^ of thwinsnlation and high heat-gradient between copper and 
iron, an additional deduction of r C. must be made for each 1000 
volts above 5000 volts rated pressure between terminals. ^Further, 
it is stated that emU'ddix! detectors arc to lie used in all stators 
with cores 50 cm. (20 in.) long or more, and this especially applies 
to the case of large turbo-alternators having long cores when: (lie 
heat distribution may vary considerably from centre to either end; 
endsedded temjxTatnre-ifh tec tors are also to Ire used in all machines, 
for 5000 volts or more, il their output is over 500 kV.Y 

The thermo-coupes for use as described ab»ve are usually nuide 
of trim and T-urcka wire, the voltage being retd on an accurate 
milli-voltmeter. * 

$ 9. Rated output. —Thus the great inijxirtaiice of the safe rise. 
of temp "at"(g lies in the limit which it places to the maximum 
current that may tie passed through a given anil.time in continuous 
working, and in the majority of continiinns-nirrent dynamos it is 
the serious heating which would ocnn»k:>everyday working if the 
armature current were increased that fixes their lull normal output. 
By tile British and American Standardisation hides a generator 
must give its ruled mil put as slated on its nameplate iti continuous 
service, with the addition in the f inner iul< , that it IdM he (unable 
of carrying fm 15 seconds a load in amperes 511 per cent. Ui excess 
of its standard rating wTilmut injurious sparking, and by the latter 
rules a momentary load of the same amount. 

A stipulation which has Ixvn very largely employed is that (lie 
machine must run satisfactorily during a li st of six hours' ijuratiofl 
it full load without undue healing of any part, and that at the end 
of the run the surface temperature of the amialilie or field-winding 
‘must not exceed the temperature of the surrounding air by more 
than 70’F. For short jxTiods of, say, 1 lo 2 hours, flu: normal 
full-load current may usually he exceeded hy some 20 lo 30 ]>cr rent, 
without raising the tcni|>cr.t1iirr of an armature in an excessive 
degree, and such a permissible overload enal Vis the dynamo to 
deal with a large demand for current lasting a comparatively short 
time. * 

The rules adojfted (1920) hy the British Fleetric and Allied 
Manufacturers Asiocjatiuu recommend as standard conditions for 
machines with unobstructed ventilation that they should lx: capable 
of withstanding an overload of 25 per cent, lasting half an hour 
when their continuous rating is below 25 k\V, lasting 1 ti our* for 
ratings between 25 and 100 k\V, am 1,2 hours for ratings of 100 kW or 
•• 

1 Fr>r further ijctait!*, see MiU-s Walker, Tkr Hiagnusing Troubles in 
hlfctncal Macktues, p ; ami 1’ 11 Newbury anti ('. J FrchhrimcT, ’ 4 Practical 
Ejpc ncnc« with Tcmprrature DettclffW," Trans Artur- 

vm. 39, Par* I, p. 971. , 
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more. A standard air temperature of 25° C. (77° F.) is assumed as a 
starting point, anti tlien for rating purposes a limiting ijtse of surface 
temperature is adopted of 40° C. (72° F.) for windings, or of ffe° C. 
(99" R) for commutators and slip-rings, both as measured by ther¬ 
mometer. A constant tomjierAliire is regarded as reached when the 
rate of its increase doc s not exceed 1 |>er hour. The same rules 
lay down lh.it in general the temperature rise as measured hy 
increase of resistance should not exceed 55 ' (’. (99° i r .). for alternator 
field coils, or W (’ (litft " I'.) for shunt field coils uf continuous- 
Vurrent machines. 

Assuming a normal tcmjxratiire of 25° C. (77° !•'.) for the sur¬ 
rounding air, it will he seen that the maxiimini temperature which 
the surface of the roils may attain in continuous \vor,k is 65° C. 
(149° l'\), and I Ids limit is found to give thoroughly satisfactory 
results in praetjeu. It further results from such a rule .that the 
(em|H-raltire uf an armature, as measured 4>v rise of resistance, 
may differ nitisiderahly from ils teni|>er.Lture as measured by 
thermometer, Ix fnre a li 'till.' if 95” ('. is exceeded. With stationary 
(ield-inaguot coils having considerable depiii of wimliug it might lie 
thought advisable to fix an even lower limit of surface rise, such as 
80’C. or\5t R, in order tlmt the centre layers may lint exceed 
the |K‘iiiiissihle mnxinujm lempi'iatuiv, lull the ahsetirc therein 
of the vibration ami met hnuical stresses In which tin- rotating 
armature is sidi)erled permits of a rinser ajiproarli to 95° C without 
imparting the durability of their insulation. 

In the case of machines lor use at high altiluilos alcove 380nlt., 
it is advisahlii to reduce (he (vruiissilile loni|vr.iture rise when 
tested ifl-ar sea level by 21 to 9 per cent, for each lIHtO ft. above 
fUOO ft. ’ . 

I 10. Testing dynamos tor rise ol temperature. —In order to- 
determine (lie air temperallire of the loom several thermometers 
should he used, placed from 2 to*6 foci from the machine and on a 
level with its centre oil opposite sides ; tllev should lie protected 
from draughts and ahnompd heat radiation, and (lie mean of their 
readings taken at eipiul intervals of time during the last quarter 
of the duration of the test i* to lie adopted as the dual air tempera¬ 
ture. The lime taken for the armature and field.roils of a dynamo 1 
to attain their ultimate tchiptraturrs is depended! upon their size. 
At the commencement ol the rtJu the rate at which tie at is 1 produced 
is almost as great as when the machine has attained its maximum 
temperature; hut part of this heat is absorbed in raising the tem¬ 
perature, not only of the winding, lmt also of the core or magpet 
on which it is wound. The larger this mass which h.-ps, to be heated, 
or thp greater its specific rapacity for heat, the longer will be the 
time taken in raising its temperature,mntil the final state is reached 
in which the heat has to be dissipated almost entirely ‘by radiation 
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and convection currents in the surrounding air. A certain difference 
of temporally? between the coding surfaces and the surrounding 
air nfbst then ha\ # e l)een established sufficient to cy.ililc the heated 
masses to part with tlieir heat as fast as it is generated. Strictly 
speaking, the temperature approached its linal value asymptotically, 
tite rate of increase being a maximum at starting and theme 
gradually falling off ■ but if'a machine Ik- run with constant load 
for several hopes; and the rise of temperature of armature or lieM- 
wimling. as taken at intervals of, say, one hour, be plotted as ordin¬ 
ates to a horizontal axis of lime, the curve so obtained will U- found* 
to I tend gradually rfivcr and become more anrj more flat ; linally, 
the readings will fall almost in a straight and Imri/mnnl line, showing 
that a sl^jidy lem|K-ralure has then practically been attained 
c/>- Fig. 1)96). Such an experiment enables us to tie eert.uu that 
the finalstate has Iteen reached, and the lime which we tiitil that a 
dynamo of given si/.t takes to attain its maximum tem]>e rat lire 
will serve as a due to the numher of hours for which a machine 
of similar size should Ik- nm at full-load yyjrder to test it thoroughly. 
While an armature, of which the eore dimensions are 9" diameter 
(i* length, will attain its final ti-m|icraturi- alter about four hours’ 
run at full-load, an armature 15" diameter ■ S" long will barelv 
teach its maximum rise in six hours, and larger machines will 
reipiire to Ik: run for still longer period-*, l-.vr-n, however, in large 
machines, since they aw multipolar anil are usually barrel-wound 
or in other ways have their windings well exposed to the cooling 
effect of the air. there is hut little rise of tenijK-rature after the first 
8 or 1(1 hours. • 

[ lie tlierniomeier employed to nusisure the tcm|>erafutf of the 
surfaces should prt-fi rahlv Ik- of a sensitive <hemic.il tthe 
•graduated glass stem having a very line bore, and the small cylin¬ 
drical bulb containing but little ntercurv I after Ix-ing laid or 
helil in close contact with the w (Tiding, it should lie covered with 
some material (such as a piece of ragl which is a hail conductor 
of heat, anil then allowed to remain imilis1uihcd a for several minute 
until the mercury entirely ceases to ns* 1 When a rotating arma¬ 
ture isstop|ied at tlic end of a run or ;«t any tune for the purpose 
*of taking thermometer reailtngs, the ’ten>|ieru1iirc of Its exposed 
surface continues to rise for some iHimttes after the rotation has 
ceased. The generation of heat n-Xscs with the rotation, hut lh< 
simultaneous cessation of the air-currents set up by the revolving 
parts virtually amounts !o a large reduction in the moling pryxrci 
of the surfaces, and in consequence the fall of tenqu-rature Ix-tweer 
tire inner or ^fittest parts and the external surface is reduced 


> For oilier details in connexion with tonperature metAurnmedt. tp 
Messrs Heist and Ki^-r,, 7 tails. .Inter. Ik Vt>1 32, Part I, p 177, and Hi lei 
Walker, ThejJiagnostng of Troubles ut kite trie at Machine i. p, 41. 
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in other words, the outside rises by conduction to a higher tem¬ 
perature more nearly the same as that of the centre of Jieat. Both 
the cotton insulation of the wires and the sheila^ or other vanish 
with which they are coated are had thermal conductors, and it 
therefore*takes an appreciable ttmc for the heat to penetrate through 
them to tlu: outside of the armature. t It may further be mentioned 
that, owing to the low thermal conductivity of insulating materials 
in general, if a healed armature be cursorily felt with.the hand the 
hare metal of .the binding wires, or even *if the commutator, will 
‘appear hotter than the insulated wires, and these latter may seem 
comparatively nail the; touch ; any such eonulusion is, however, 
entirely illusory, and the continued application of the* hand to the 
conductors will usually suffice to correct the error. 

The speed of shutting-down lias a decided effect on the maximum 
teinjieralure recorded by a tin mmmotcr applied to^irmjturc or 
rotor after it has come to rest. It has therefore been proposed 
to keep the field excitation on whore practicable in order to bring 
the machine to rest as ({iigjjjy as possible, 1 

5 11. The growth of the temperature rise.- (liven a homogeneous 
body, in which heat is being generated at the rate of IP watts, 
i.e. IT joiftcs per sec., let it 1* assumed that the rate of dissipation 
of heat from it by radiation, convection, and conduction is strictly 
proportional to the temperature rise; it could then he said i’.g. to 
have a fruo " nmlihg coefficient ” 5, lteingttlu: watts that can he 
dissipated per unit arey of cooling surface ]*T [“ rise, which when 
imilliptied by Ihe cooling surface i', of the body will give its total 
rate of dissipation of heat by radiation, convection, and conduction. 
Although, as |K>iidnd out in the following section, not strictly true, 
the assumption is one that may safety Ik- wade lor all practical 
purposes. The vise l, of the tcnqieralHre of the body atiove its 
initial temperature after any time l is then given by the equation 




TV, 


IV 


where II is the heat 1 capacity of the body, or the joules required to 
raise its whole voluitye 1’. the solution of the equation is 



. •’ -Ir-O-.''*) •' ' * *’ I 208 ) 

where r is the base of natural logarithms, and T, — Hj(S t is tfhe 
" time-constant ” of jhe body wltifh is being heated. ' It is evident 
that the curfe of the rise of temperature' in relation to time is an 
1 Messrs. Chubb, Chute, and Oetting. Trans. I.E.E., Vol. 32, fyrtl, p. 175s 
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exponential curve exactly analogous to Jbat of the rise of current 
in an inductive circuit. It will therefore have to some scale the 
shap£ of the cutye of Fig. 396. The final rise.of temperaturo 
which the body will ultimately attain and to which the curve 
approaches asymptotically is of cout.se simply e 

rale of generation of heat in watts 
rate of dissipation by radiation, convection, and conduction per 1* 
rise in temperature 

_W _ 

fiai) r»k' 



* 

From the nature nf equal ion (‘2(>S) the " linu k -rr>iis(uiit, M T c 
HJS t is the time in winch the rise from the initial temperature of 

. , . , *-l I'71H 

the surrounding «ir actually rearnes — , ( or 63-2 |xt cent. 


t>f the final excess teiiip’.rature, as is evident when l is made eipial 
to T t . Or in general, for convenience in plotting the curve, with / 
expressed in multiples of 7,, tlie’risc when t - 7 ,/2 will lie 39-3 
per cent, of the maximum, at the end of time T c will he 63-2 ]kt cent., 
at t =•■ 2T t , 86-5 per cent., at l -- 37 t , 95 per ceijt., and at / - = 4 T, 
will be 98-2 per cent., so that it then only differs by l-f) per rent, 
from the final value /, ^ 

The cooling citation is conversely 


The tim«-constant, living the ratio • . t 

' joules required to raise the whole volume 1“ 

joules dissipated by radiation, convection, and conduction in unit 
time per l^Yisr • • 

isagiven in jccondf, minutes, or hours according'as its denominator 
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is fS c , f5, x 60 or fS, 3600, and l must also of course be 
reckoned in the same unit of lime. The time-constaftt is also the 
lime in which tin; body that is being heated would reach it/final 
temperature if the initial rate of increase was steadily maintained 
and them was no cooling aefion front any of the three causes, 
radiation, convection, or conduction, (hie to the rising temperature 
(r/>. (In’dotli d line in big. 396). The equivalence is not immediately 
apparent, since at the starting (mint there is no dissipation of heat 
by radiation, «invert ion, or conduction from the laxly owing to its 
lx:mg at the same tfinijx rature as tlic surrounding air. But if 


11 ' . ir , 

is multiplied liv . . .. —:—, (he numerator 

f.S joules expended ill unit time 

imil lime expressed in seconds 


and denominator of the nudtiplirr being eouivafenr expressions, 
the time-constant In comes 

ir 

JU ' 

rale of ex|xtiditure of joules in unit time 
* joules required to raise whole volume 1“ 


that is, 



II 

is 


(i 

final excess tvinperal lire 
initial rale of tempera)lift: increase 


the initial rate Ix-tug given ill degrees pcT second, minute, or 
lipiir according to the unit of lime selected for (lie calculation of 
T, and A 

With a knowledge of the total rate of toss in jvatlsTmder any given 
coiidilions and also ol T t , any question as to the heating or c<xiling. 
of a dynamo as a whole or of any ('art could tv solved, provided 
that the beat is "generated fairly uniformly Ihrougliuut the part 
considered. Actually the latter condition is not very closely 
fulfilled, and at starting there is a considerable amount of conduction 
of heat from (lie parts of sihall thermal cu|>acity to parts of greater 
thermal capacity. Jt is only, lUerelnre, in the later stages of a hcat- 
run that the exponential vurve for the rise id teiiqieraturc is 1 
reprixhued to any close dign.’ of accuracy. 

h'or a given material the value of H is dependent on Us s[iecific 
heat and is therefore known as a fact of physics. Taking the specific 
heat of copper per unit mass as 0 095 (calories required to raise 
1 gramme of mass 1" l'.), and the weight of a cubic inch as 0-32 lb., 
then since l calorie -419 jouVs, Hie joules required to raise one 
cubic inch l°C. arr 0-09S \ 4-19 x 0 32 x 453-6 - 57-6, or 3-5 
joules per cubic centimetre. Taking, 1 lie specific heat of iron or 
steel per unit mass as 0113. and the weight Of a cn^ic inch M 
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0-282 lb., the joules required to raise one cubic inch of iron 1°C. 
are 0113 X ^-19 X 0-282 x 453-6 — 60--f. or 3-68 joules [x - r cubic 
centimetre. Thcrj- is therefore but little diltcren^e Mweru iron 
and copper, and an average figure of 59 joules per cubic inch, or 
3-6 per cubic centimetre, may lx takfnW a composite m.eA suefi as 
an’ ami at tire The total watts of the armature are then to lie 
averaged overjts entire volume, and (tie truth of the above approxi¬ 
mation for tUg joint sjX'Cilir heat is of course ilcjs’inlciit upon bow 
far the heat is actually dcvchqxxl in the core nyd winding in 
proportion to their respective. volumes. . 

In the case of fic|d-magnet mils, with numerous turns of cotton- 
covered wire, allowance must lx- made for the higher tycritic heat of 
the Cotton^ The specific heat of cotton is ahout’foiir times that of 
copper, say, 0-38, and the joint specific heat of the eopjx-r and eotton 
will depend upon the ratio of the ropper to the lolal. Ihe heat is 
only developed in the»eopper. and for ealeulating either If or the 
initial rate of rise, if the watts are averaged over the entire mass uf 
copjx-r and cotton, their joint sjxxilic Ijj-aj pet unit mass is higher, 
hut it the watts are averaged over the entire votiime. it is lower 
than that of solid cupper, With eloselv Is-dded reeiaiigular wile 
the ratio of the copper volume to the total volume is tin? " spaec- 
faelor " <r, and the weight of a cubic hull of rollon is 6-1023 lb., 
so that tin- ratio of (la- weights of anil volume of i oppet and cotton 
is 9-9; the specific lieafi per gtaimne of tin- coitihilied copper and 

. J II - r - 9o 

cotton may then lie ralcnlaled from the formula (Mltlrsl 

<)r analogoiislv to I lie above rxjirrssinus. tin: joules requited toraisw 
a cubic inch of cotton l'( . arc 0-38 -1-19 11-0323 453-6 

23-3, and the joules fo,- any ration of copper \ ohmic to total volume 
tire * 


23-3 | 34 vfcr 

t 

as plotted in l-'ig. 396rt. 1 The result is that lie- joint s|s-tilie heat 
of fieldmagnet coils per unit volume is appreciably less than that 
of solid ropjx-r, and if the wire is round,llhe air-3iti 1 st ices will tend 
to decrease it still further, On tljcotliej hand, the thermal capacity 
•of the adjacent mytal of the magnet which is InNted bya onduclion 
has above been neglected, and lliis^lwiys tends to increase the 
apparent specific heitf. ■ 

Since T c is usually required in*niimites, we thus have 


T, 


j y. cubic inches of total volume 


minutes 


60 X fS.. 

where j = the piules to raise 1 culiic ytrh 1® ('.,»* 59 for armatures 
* . • * 

* C. W Hill, " Ctanr Molurs^md C' -hi III! krs. t.E.E., Vet. 38, 

pp 294 and J07 
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and is taken from Fig. for field coils in relation to the space 
factor, Since the initial rate of temperature increaae in degrees 
Centigrade per minute ♦ 

evatts per cubic inch of total volume X 60 

i 

an alternative expression for T c is 


t ^ e walloper cubic inch of total volume x 60 m n 



Vuv :UKvi. « ifit‘ lu*at «t vnlton tTPUlalfcl coil in relation In 
spirit factor. 

If, therefore, £,s', is unknown, it still remains necessary that the 
final excess {ein]vratiire should lie known, ami it is, in fact, mainly 1 
to check tfiis that the dynamo is tested by a inn of several hours’ 
duration. I'.xpciiinont cannot fnerefore he dis|x:nseil with unless 
from previous cases the filial excess temperature and the total 
watts dissipated as heal can Ixi regarded as known, and this is more 
usually the case with field coils than with armatures. An approxi¬ 
mate calculation c;«, howrter, thence he made as to the time for 
which a given macnine must he ran in order to ranch practically its 
final temperature or any particular ]xircentape if it.' The longer 
|ieriod for which large machiilts must lie run in order that they 
may attain their final temperature is obviously due to the ratio 
of their .volume to their surface, which increases with dn increase 
in sire, although this tendency is partially counteracted by .the 
fact that there is usually at the same time an increase in the 
number of poles. ’» 

Further, if the temperature rises at different times during a run 
of a few hours arc plotted, it usually becomes possible to predict 
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the final temperature from inspection of the shape of the curve 
with fair a curacy. Or by taking the Napierian logarithms of the 
slope! of the tangcyits to two points on the risc-irf-tcgnpcrature curve 
corresponding to times /, ami t v the value of the ratio Hj£Sc can 
be found without a knowledge of either of its compimenre; for 



We can thence fint^ t "''t and state by how imirlj after the end 
of the run th* temperature falls short of its final,value. 1 

I.astly, while the exponential curve re produces the l.icls sufficiently 
closely for most practical purposes, 1 it must lx: home in mind that 
it cannot lx- strictly true, owing to the fact that the total rate id 
dissipation in watts iif the machine as a whole or in any part of it 
is not usually constant, hid is varying as it gradually warms 
up. •*' 

§ 12. The heating of stationary field-magnet coils. - The final 
rise of temperature of a field, coil is primarily determined by the 
ratio of the cooling surface .S', to the total walls to lx 1 dissipated, 
or by its reciprocal, the ratio of the total waits In I lie entiling solace, 
and under given conditions it is approximately inversely proportional 
to the former and dirfetly proportional to lire latter. It^ may 
therefore Ihi expressed either through the*" t ooling coefficient, 

I II' 

as f“ — -. —, or through its reciprocal, the " heating coellirient,. 

X a; x 


as /" 


u • 

k . TT-, when: 

h, ■ 


l/{ is the rise of leni]«sature for a ratio 

of one watt dissipated per unit area, i.e. per watt ]xt unit area. 
In either form liie nx’ffiwcnt is curt really a oWst.ml, but itsi'lf 
depends ujron the filial teuijx'rat lire which is readied This is due 
to the increased effeet from radiation, ns the difference of (eiii]*rahirc 
of the surface from flint of till! surrounding air i*ses :l ; if the whole 
cooling cflect resulted from radiation, Jlie reduction in the heating 
•coefficient when ^ high flunk tcutpcrafcirc WUsVttaineJ would be 
considerable, but in the dynamo at w*nk«it is ol less account owing 
to the preponderafirf» cflect from conduction and convection. 


1 See Mile* Walker, Tht Diagnosing of Troubles m Electrical Machine*, 
p.«. • *. • 

1 Cp. R, Goldschmidt, 44 Temperature Curves anil the Rating of Electrical 
MaAinery/* Journ. I.E.It., Vol. 34, p. 67®!!., wlicrc curves of actual madunrs 
an given, and the amount of their divergence from the e*j>oncntial shape iis 
noted. t • ♦ # m 

1 G. A. lister. " Th<j Heating Coefficient of Tlfagnet Coiln,’’ Journ. J.E.E U 
VjpL 3b, p. 4M ; and*Prof. Magnus Maclean, Journ . /.£,£. VoL S3, p 526. 

4 % 
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But apart from this variation of the heating coefficient, and when 
it is assumed that the final rise is strictly proportional to the watts 
per square inch .of cooling surface, the value of k is dejiendenf upon 
a number of conditions of which the chief are as follows— 

(1) Thu ti instruct ion of the field coil, whether a solid mass or 
divided by ventilating spaces into sections as described in Chapter 
X VII, 5 8, and whether wound on sjiools or otherwise. Sheet-metal 
spools or bobbins assist in conducting heat to the iron core if closely 
fitting. Wlicr. furnished with wooden end-flanges, the latter act 
‘as partial lu-at insulators and raise the temperature. On the other 
hand* brass or iron end-flanges assist considerably in conveying 
away the heal, Thick insulating Iwbbins, such as tjiosc moulded 
front vulranulxst, although convenient for tile winder have the 
disadvantage of increasing the heating coefficient. 

('2) The nature and thickness of the insulating wrappings, 
especially in sucli coils as are self-supporting 1 and after winding are 
slipp’d directly over the pole. Thus with a coil of douhlc-colton- 
covered wire which is merely varnished on the outside, the mean 
rise: may lie only about L[ to 1} times the surface rise; if wrapped 
with thin lap;, the mean rise will lie increased to 1$ or Ij times, 
while if flic coil lie again overlapp'd with canvas and string to a 
considerable thickness the mean rise will tie. further increased by 
some 23 to 511 per cent. 1 Thus any insulating wrappings, owing to 
their low thermal conductivity, have a prejudicial effect upon the 
fiieari rise and also upoii the maximum interna! rise, even though 
they may tend to lower I lie rise ol the outside. The bare edges of 
topper tape wound on edge in a single layer, as in the field-magnet 
coils of multipolar engine-driven alternators, add considerably to 
their power of conducting the heat iiuiurdiatrly to the outside and 
there radiating it away. 

(If) The peripheral spied of a rotating armature, which causes a 
more ut; less efficient circulation of the air round the field roils. 
This fanning effect is especially marked in inultipilar machines 
with armatures ofjarge diameter. 

(4) flic load of the armature ; as this is increased, the temp-ra- 
ture of the annat^ii: rises,-and the air which is thrown off from 
its surface and circulates round the stationary robs liecomes hotter, 
so that the dissipation ol heal from the held is checked. 

(5) The type 0 / machine whether bipolar or multipolar, semi- 
enclosed or opii. In a small multip'lar machine, if the numlier of 
poles is Jarge. the opposing faces of the coils are brought close 
together, and this is especially true with commutating poles which 
nearly fill up all the space between the main poles. >. 

1 throughout E. M. liayuur, " Hcj»rfc on Temperature Experiments 
carruM out at tlio National l’hysical laboratory," Jewn. I E.E,, Vol. 34, 

p. 828 «. , * 
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(6) And lastly, the position of the coil, whether at the but tom 
of the machine or at the top to which the air heated by the armature 
asccrfls. , 

Tire basis of calculation for tire cooling surface of the magnet coils 
varies in the ex|)erinrents of different tolfcrvets. so that m cflmp.u mg 
thfcra it must be noted whether only tire external cylinder surface is 
employed or whether .the exposed surface of one or both rml-llangcs 
is added thereto, tir lastly, wlretHer the wliole of the surface, external 
and internal, is adopted. ' , 

Probably the best basis is to he found in the outside surface plus' 
both the end-fianges, as in Chapter XV, 5 5. Willi the i oinpar.ilivrly 
short coils of modern nuiltipnlar machines having fl considerable 
depth of warding, the cooling elfeet from the ends plays an important 
part, and the combination of the external cylindrical smf.nv with 
that of both end-flanges isjiere adopted. 1 In the ease of coils 
divided into sections, the same basis may tv taken, tile total axial 
length of the coil being reckoned without exact call illation of the 
air-ducts, but in combination with a Jow value for the heating 
coefficient. 

Hie rate at which heal is develo|xd in the magnet mils admits 
of easy measurement and calculation as the product of the square 
of the current into the resistance. Tin- ratio of tin watts to the 
area of cooling surface is therefore much mote an mutely ktfnwn 
thnu in armatures ; ;^id further, as the tietft-magnet toils are 
stationary in continuous-current dynamos, and tin ref on' lest# 
affected by currents in the surrounding air than is the rotating 
armature, their temperature rise can fie predi< led with greater 
certain! v. * 

In the values*to 1#: taken for the " heating roeliieictil " the 
distinction must he caiilnlly noted lvlucist the tise of the exterior 
surface of the coil and the mean risar of the whole of the cnpjvr 
wire, and again between 'these olid the niaximmn 'temperature 
rise at any spot within the roil ; for each <ase the value will In¬ 
different. 

Taking any onu layer, as wc ])i«im*d*fitnii tin* mil it* ahmj* tin* 
axfal length of the roil towards either utid, the ^nijM-talnre always 
declines towards either end-il^Jige, wliicft shows flk inlluciirc< of the 
end-flanges in assi.^ing the dissipata* of tlx* heat. On the other 
hand, as we pass from the outside rtidially through the layers the 

1 Mr. Lister (Junei. /.£,/L Vol 38. jv 401} advocated tin; iuluptmti of 
Utc entire surface, exte rnal and internal, and tin- iron of Ihr pt|» jjiu^kibkdly 
assists in conducting away the heat. Vet nn« when On: maiJiinc is at wfirk 
undw Ml load the pole gradually bcconu’^hr-alrd hy the- hot air and radiation 
from the aumatiyj and also hy any eddy-currents in 1 he pole fan*, thin action 
is to some extent checked, so tliat an ^Hr-sjiatu belrt^n uni and pile may 
even become of value. In ordinary cases Dio external surface* is at Icial an 
good, if not a more reliable. gAdc to which the tiling dfecl will 1*- 
pwportioiial. * 
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temperature rises, reachej a maximum, and again falls, but to a 
lesser degree, as we approach the inner layer next tp the iron of 
the poles. The, innermost layers thus part with .some of theif heat 
by conduction to the iron of the magnet, so that their temperature 
falls abofat midway between that of the outer and that of the hottest 
layer. Fig. 397 shows typical readings for the rise of temperature 
along a radial line.passing through the 
euntre of the axial length of a field- 
magnet coil, and along an axial line 
passing through the hottest spot. The 
hottest spot in the coi) is approximately 
in the centre of the axial length, and about 
three-quarters of the total depth away from 
the outside, and the maximum tempera¬ 
ture rise at this spot exceeds the surface 
rise by an amount which is from 50 to 60 
[>er cent, higher than the difference be¬ 
tween the mean rise and the surface rise ; 
thus if the tonijieratnre rise, measured 
by change of resistance, is 20° higher than 
the surface rise as measured by a thermo¬ 
meter, the maximum temperature rise 
will lx: about 11 x 20 s= 30° higher than 
the surface rise. I On the average the 
maximum temperature rise is about 18 to 
20 ]X:r cult, higher than tile mean rise, 
when the machine is fully loaded. While 
tile highest temperature attained has a 
practical bearing upon the durability of 
the insulating materials, the mean rise 
throughout the coil has the greatest influ¬ 
ence upon the regulation of the dynamo 
and its general working, so that heating 
coeltieients which give the mean rise have 
perhaps the greatest scientific value and 
On the other hand, so long as in s(>ecifica- 
tions it is 'the risd of the exterior surface as measured by a ther¬ 
mometer (or which a limit is laid down, this muft continue to iiave 
interest for the designer; aiso, it remains a rough and ready 
test upon which immediate agreement can be come to between 
purchaser and manufacturer. Measurement of the mean rise of 
temperature by the observed increase of resistance (equation §07) 
requires great accuracy in the readings of the voltmeter and 
ammeter, sjnee it b only a difference of which use is finally made. 

1 It. GoMsdunuit, Jaunt. I.E.E.. Vol. 34, p. 720. t - 



l ; n;, 397. -Tenn<emliir<- 
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The difference between the hot and cnl^J resistances being usually 
about 20 percent, of the cold resistance, any error in the measure¬ 
ment* may lead rfo an error five limes as large in the inferred 
temperature rise. Moreover, it is not infrequentIv the ras^lhat the 
actual cold temperature of the wiiTding is different from that of 
the air, and is not known wjth certainty. 

On an avertige, perhaps, it may lx- said that the mean rise is as 
nidi as 1{ fc> times the 1 surface rise, so that, to ealnilate the 
latter, the heating coefficient for mean rise must he red need in this 
proportion. ' 

$ 13. The thermal conductivities of different yaterialsr— For 
the approximate calculation of the tempi-ialyi'c of the hottest 
spot in a (jcld-maguct coil and for its location, a knowledge of the 
heat conductivity of copper and of various insulating materials 
is necessary 4 l'or electrieakpur|loses this is cvpiissed as the rate 
in watts at which I leaf will pass through a unit mix- of the material 
under a difference of teni]xrature of* I t’, steadily maintained 
I let ween op [losing faces, the other silk'll of tile rtlhr being jierfcetly 
Heat •insulated. 

In inch-units, i.e. per s<j. jnrh of area, jxt one inch length of 
path and for 1" the thermal eonduetivilv in watts is for copper 
k, - 9 to 9 6. »' 

Valuable experimental data on the transverse therniiil^onduct- 
ivity k, for various insulating materials have been recorded ly 
Messrs. Symons ami Walker* ami by olhei*.* They will not here 
lx; repeated, and for their use the reader is referred to ITof. 
Miles Walker's hook on The Sptrifiealion it ltd /ics/gn »j liynanitt- 
th'dric Machinery, |ip. 219 241 (purlly repeated in tfie same 
author's file /viogHoxliig of Trimble*, in Electrical Machines, 
*pp. 62 -67). 

Solid impregnated eoils, owing to higher lliornyi eoiiduelivity of 
the impregimting materi.if, may have an iiiii riial condiiehvjt v three 
limes that of a coil with plain cotton-covered round wire or 1J times 
that of a coil with shellacked cotton covering. » 

( | 14, Predetermination of temperature-rise of stationary magnet 
( coils.— It will be evident that no exact ligitr<-4fcan he given which 
can be applied without consideration of the particular conditions 
of the design and type of machine, HI it that the influence of peri¬ 
pheral S|fced, etc., can to snipy extent lie taken into account by 
the use of such curves as those of log. 398, which indicate 
* * *. 

‘ Joum l.E F... Vol. 48, p. &:*«.. and talmlat. it in Tat.l.-s Xir and XtII 
of Milos Walker, The Sptcijualton and of Dynamo rhi trie Machinery 

(pp 220and 22JL where Also n given in Talde Xf V (p. 239) the values specially 
applicable to tnc case of wire-wound t 

1 Sec especially K. B Wifliamson, Trans 4*irr. I.E.E., 5fri|. 32, fvrt I, 
pp, 303 and 403; T.,S. Taylor, Fife. Journal, Vol. 18, pp 528 532 (Urc 1919); 
afkd EUc. W<jld t Vol. 7x5, pp. 389-371 (14th £eb., 1920/. 
fJ- {*!&*) 
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approximately the limits wi.ich usually occur in practice. The lower 
Jotted curve for the mean rise of well ventilated coils rflay approxi¬ 
mately he expressed in terms of square inches and degrees Centigrade 
i 144 

ask -- - | u ^-j^iyjWliere v ft> the jujriphcral speed of the armature 

infect |xr minute. The mean temprlralure rise is also affected by 
the amount o( cotton in coils which are of the same size and otherwise 
alike, and is less with a larger size of wire and smalfer amount of 
cotton. Shunt coils are appreciably benefited by subdivision into 
sections by ventilating spaces; by their use the mean rise is made 
to approach lucre closely to the surface rise, sod hat it may nearly 
coincide witii the highest of the curves given in Fig. 398 for the 
surface rise. Such subdivided coils are slightly detrimental to 
the efficiency of the machine, since, if the intervening gaps 
were tilled with coppicr, the watts would he ••'educed, but 
in a large machine this hqs only a very small effect on the total 
efficiency. 

The mean rise should preferably not exceed 51V* or 90° F., so 
that the maximum temperature at any spot may not exceed ahout 
90° C. or .,194° F. 


If the jiermissihle rise of surface teni]M!rature be taken as about 
30“ (J,, it will he seen that from 2 to 2J square inches of cooling 
surface must lx; allowed ]x-r watt with solid coils, and 11 to 2 with 
Coils \h sections; or the watts jut sq. inefi must not exceed from 
0-5 to (K16 in the fonndr, or 0-flft to 0-5 in the hitler case. A greater 
rise, although picrliaps admissible in respect of the final tem¬ 
perature reached, is seldom advisable owing to the difference which 
it causes in the excitation according to the lime during which the 
machine has Ix’on at work, If a number of separate bobbins arc 
revolved at a high peripheral speed, as in alternators of the type 
shown in Fig 7f,‘n much higheryatio of .watts to square inches is 
permissible, uwing to the great cooling etTecl from their rapid 
movement through the air, hut this case will again lx- referred to 
in Chapter XXVIIi. 

S IS. Sources o! heat in the armature, and their relative 
Importance. - The,, mal rissi of tiiupvralure in an armature is a, 
much more complex problem and this for two reasons. 

In the first place, it is dilfy ult to calculate with accuracy the 
rate in watts at which the arnialu.e is actually being heated. The 
sources ol the heat are threefold, namely : (1) the loss ijf electrical 
energy due to the passage of the total current through the armature 
resistance ; (2) eddy currents so", up in the cupper winding, and in the 
armature core and teeth ; and (3) the magnetic loss due to hysteresis. 
The first of' these can be calculated to a close degree of approxi¬ 
mation, and the third fairly closely, but the second loss is very 
largely indeterminate, inasr iuch as it is dependent upon a number 




Fig. 39$—Heating coefficient of field-magnet coils 
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of complex conditions, sftch as the width of the armature con¬ 
ductors, the proportions of teeth and slots, and th'e strength of 
field,' 

To show how van able is the relative proportion of the three 
losses, Table XIV gives a few results of actual tests made 
machines of different construction and size. The figures show also 
that the eddy-current loss is usually of considerable importance, 
and equal to or even greater titan the I a l R a loss. Were it not 
11 for this, the current-density in the armature conductors would be a 
more fundamental guide to the necessary dimensions of a machine 
in place of ac Used in Chapter XXII. The precautions necessary to 
minimize eddies h'nve been already emphasized in Chapter XIII, 
§§ 4 and 19, but their complete elimination cannot Ifc attained, 
and the probable loss due to these must be closely known from 
previous experience if the rise of temperature of the armature is 
to he predicted with any rertainty. 

g 16. Effect of peripheral speed. In the second place, even when 
the rate at which heat is iWeloped in the armature is accurately 
known, the rate at which it can 1 m: dissipated is most materially 
afferted by the speed of rotation, and also by the shape and number 
of the pole-pieces which surround the armature, in so far as they 
allow of or actively promote a more or less free circulation of the 
air oveV the surface of the winding, ’the exact effect of cither of 
rfhesc- causes dot s not admit of very accurate generalization, since 
it necessarily varies rimler different renditions. How important a 
part is played by the peripheral s]ierd of a rotating armature in 
increasing its rooting power is at once evident from a comparison 
of the watts which it can dissipate with the watts which a stationary 
field coil can dissipate : their exterior surfaces being reckoned in 
each case as effective in cooling, if the rotating armature have a 
peripheral iqieeit' of 2000 fret jnir minute, it will be found that, 
roughly sh aking, it ran dissipate at least twice as many watts per 
square inch of cooling surface as the stationary field coil for tire 
same vise of tcnqioraturc.' If the surface of the armature winding 
be broken up. so flint the,air can play upon more than the outer 
face of the ciiudtr tors, and ran reach freely to the core, the cooling 
action is much assisted, .Jgain, the influence of eddy-currents 
in the pole-pieces, when thesiy latter are not huninated, Reacts upon 
the heating of the armature. It Is therefore impossible to lay down 
any general formula, expressing the cooling [lower of a given surface 
at different speeds, which will meet the case of entirely different 
types of machines, and all curves connecting rise of tcmpcraturc^with 
certain values for the watts jyr square inch must necessarily be 
only approximate. 

l See especially Tl. (1. I am me. "Inin lawsrs in Dir^ct-cuiVent Machines, 1 * 
Trans, rfnur. I.E.E., V<4. XS.'lMrt 1, 
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117. The Ion over the ohmic resistance of the vmatan.— 

Considering in detail the three sources of heating inan armature, 
the first, or the, rate of electrical loss over the copper rcsistaftce of 
the winding, is entirely independent of the speed, being simply the 
product*rif the square of th'e total armature current and the resist¬ 
ance of the armature from positive to negative brushes, t «. I^R a 
watts. In the process of designing a dynamo tin: resistance of the 
armature can easily he calculated, and from it, a fcer t making allow¬ 
ance for its increased Value when hot, tin; loss in watts due to the 
passage of the normal armature current. It is unly necessary to 
remufk that if the resistance of an armature (rum brush to brush 
In: actually tifeasured, it will usually l>e found’tn be slightly higher 
than tile resistance as calculated from tin: length and'area of copper 
used. This discrepancy is due to the inferior conductivity of the 
soldered joints, even when carefully pladc. In this respect arma¬ 
tures wound with former-shaped coils have, the advantage that in 
them the soldered joints are reduced to a minimum, and need only 
occur at the unions with t^ie commutator sectors. 

Owing to the low resist nine of a large armature with few bars, 
the most convenient method of measuring its actual value is by 
soldering leading-in strips on to tw'o commutator sectors at such 
a distance apart that they divide the winding into two parallel 
paths, passing through them a known current of considerable 
strength, and measuring the difference el potential la:lwren the 
•points where the current leaves and enters. l’rom the quotient 
obtained by dividing the measured difference of |x>tcnlin] by the 
.known current, the resistance of the armature can he calculated 
aeronling In the nature of the winding, and the /„ 1 A'„ loss when the 
armature is hot can 1 m: accurately determined. * 
i 18. The eddy-current loss as depending on speed.— It is in 
the second or eddy-current loss that most difficulty lies. With a 
given cure. V given winding, and a given field (magnetic, screening 
in iron assumed to he negligible), this loss will he directly propor¬ 
tional to the squ.jre of the speed ; since, if the s{*:ed lie increased 
x times, flu: of aif eddy will 1 h: equally increased, and this 

will increase the current of. the eddy .v times, so that the produA of 
eddy K.M',1'. x cc'cly-iurrelit will be'increased j 5 times. The rate 
of loss in watts may therefore he expressed by 3 coefficient F multi¬ 
plied by the square of the speed, it. by /'TV 1 , where N = revolutions 
per minute, the value of /•' being different in different armatures and 
being n'so dependent upon the particular excitation which is normal 
for a given armature. During the process of designing, the value 
of F must be estimated from tVe coefficients of machines previously 
tested. A brief description of She experimental methods by which 
the eddy-current loss i.i a given dynamo when run at different 
speeds can be measured with considerable accuracy -will be found 
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in Chapter XXII, §§ 13-15. Two pointy alone require to In; (urlher 
mentioned., In the first place, the value of the eddy-current 
loss.tes thus determined, includes any eddies set-up in the pole- 
pieces of the magnets by the rotation of the armature. Such 
loss of energy in the pole-pieces will lie considered in (jlf 2N 29 of 
tlfc present chapter, and does not here concern ns, so that with 
toothed armatures atjd solid pole-pieces some deduction may require 
to Ire made farm* the total loss in watts as measured by experiments 
on the machine as a whole. In the second place, during the exjx-ri- 
nielits the distrihution of the field is approximately the same as that 
at no-load, and it#has already Ix-en shown, in Chapter XI.V. that 
this distrihution is considerably morlilied at lull load. Heme, on 
this score,the eddy-current loss at full-load may ix- gre.ilrf than the 
experiment would slime, and when the results of such lists have I sen 
checked by other methods ij has been found in practice that this 
difference in file distribution of the field does sensibly increase the 
amount of the eddy currents. 1 * 

It is, however, justifiable to assmifr that tile methods above 
alluded to furnish evidence for determining, at least approximately, 
(lie eddy-clirrent loss at full-load. In applying such resells to new 
machines, not only must any all elation in the length and volume of 
the core fie taken into account, hut, aspnrv’oiisly slatrd.il is equally 
important to estimate the probable elfects of alteration in l|te value 
of the flux-density m (h« air-gap or armature, the degree of lamina¬ 
tion of the core, the width of the bars, and the flux density in Die 
teeth of slotted armatures. An alteration which at first sight might 
vein unimportant in any one of a number of conditions may 
radical!v affect (he. amount of the eddy-currents. 

s 19. Eddy-Ctimn** in the armature core. - 1 lie eddy current 
loss may lx- divided into (<i) that within the armature core, (i) that 
in the copper winding, and (<) that in the hie'ling, wire on the 
circumference of the armature. I'o allocate to these sou:res their 
resjx'clive shares in the total loss is an extremely difficult matter, as 
any change in one of the conditions surlij.*can I r tried in a practical 
machine produces hut a small change in.lhe total which can scarcely 
he isolated ; yet the combined efii-cl o£all the\^scs luhls up to an 
amount which serfously reduces the posable output of an armature 
from the heating pqjut of view, * 

Taking them seriatim, we have Inst the armature core with its 
supporting framework a yd surroundings. The eddy current loss 
produced I’y an alternating field in thin iron plates sucfi aspire ti*rd 
in transformers and laminated arryature cores is proportional to 

* In a test ml*.'. Siemens ftWKI-IrilowiAt dynamo this losses rlrchirriJ fjom a 
Hcpkinson test showed an increase of IS ;«e rent, at fi:II*n.nl as com- 
panxl with the sum oi the no triad and Pk tosses (Elect*. Eng.. Veil ffit, p. 15). 
Cf. Chap. XJill, j 17. 
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the square of the maximum (lux-density and also to the square of the 
thickness of the plates, and the same law has been experimentally 
established by Mr. Holden 1 when the field rotates about a stationary 
annulur^, or t ire vtrm. T}ic energy consumed in thin plates or 
discs in an alternating field j>£r cycle and |xtr cubic centimetre of 

10 M joules, where t is the thickness of the 


is - - — ■ " 


plates ill mitirnotres,/ is tb<‘ jieriodieity or frequency, and p is the 


resistivity of flic iron. The latter quantity may be taken as from 
l x Id' 3 hi 1-5 Ht r ’ ohms with wrought iron or thin sheet steel, 1 


whente the l^ss of energy ]ht cycle and per.cubic centimetre is 
approximately I -(MS P.J. H *. It)- 11 joules. The rule of loss at 
auv frequency/ pXjtitt in a total volume of V c cubic Centimetres 
of iron is therefore in an alternating Held 


NWS/ 5 ./ 2 H* V, v It) 1 )-watts. * 


The same form of expression may also lie applied to the ease of a 
rotating field, but owing lo'ibc K.M.l'. s being on the whole greater 
in the rolalitig field, and the average length of path and its resistance 
smaller, (lie first numerical constant'requires to be increased. Tor 
circular plates of large diameter as compared with llicir thickness 
the Jiesl appriiximatioiPgives for a rotating field 3 

2-71V J /-/</. 1/ ;< 10 11 walls' . . . (209) 

I * 

lint mi rigid niallu'iiialiral solution can be given, since the numerical 
constant is dependent to a certain extent upon ihe distribution of 
the lie hi in Ihe air-gap, and further, as has lieen pointed out by 
I’rofrssor \V. M. Thornton, such curves as thoscof t ig. 220 show 
that UUweeti It and .1 the Mux at one depth may he increasing 
while at another depth it is decreasing, so that tin* rate of cutting 
lines is nut- supply proportional to tlie.distance from the centre, 
as it would tie if the induction was uniform over any radial section. 
For the volume of the teeth the corfKi'ient would again be higher. 

When the above formula is worked out, the watts, even in the 
case of a high-speed multipolar dynamo, are found to tie small in 
conqiacisoo with fa tier more serious lasses, and in practice the actual 
loss from eddv-citrrcnts in l^e discs would be even smaller, owing 
to any magnetic screening therein. The reduction in the eddy 
loss through the increase of resistance when the iron becomes heated 
is about 5 pgr rent, for each 111" (’. rise of 1 temperature. * 


1 r.h(tti(\au y Vfil. US, p. 327. , * 

1 I* or hi^h-rrsiNUimr alloys, ;tor Chap. XIV, $ 9. fl 

1 <Scv rrof. K. Wilson, /A.V./t'i»t. 70. p. 359, and Electr. Eng., Vol. 30, 
p. 22*>; andVnd V, II Haifc\ I’hil. 7>n>(1H90), Vol 1«7 A., pp. 715-748. 
Cp. also M. 1C 1 m vU, 1 frldv CnrnrMR in Solid tuni. Lamipatod Mas***,” 
Jottrn. U< E t Vol 33, p ] 12$ (Cas** U { J>. It41>. 
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It must not, however, be resumed thjt the loss in the armature 
core as a wfcote is by any means negligible. The end-fringe from 
the Hanks of tin; pole-pieces is quite appreciable, and unless the 
end-plates which clamp together the discs are kept well outside the 
edges of the [xjles the lines which cttrfv round into the eflds of the 
aftnature will set up considerable eddy-currents. 1 Then- is too 
a loss from sach ventilating'air-duct, wherein (lie lines heiiil into 
the flat surfaee'of the tlisrs at the sides of the duel. Again, in 
barrel-wound armature* the cylindrical structure ;vhith supports 
the end-connexions of the liars should not he a solid sheet of metalr 
hut ns far as possible should tie era away near to the armature 
core so as to remove tlu- iron into whir'll the liisY, of the fringe 
might sir,iy (r/>. Figs, till, 4(Ki, and 414). 

Next, the operation of turning the surface of a smooth armatuiv- 
core increases the eddv loss 4 by luirring over the edges of the discs, 
and requires To he casried out with eonsidt-rahle |udgiiK'iit. Analo¬ 
gous to this in a toothed armature eons is the ojvration of drifting 
or filing out the slots so as to rrmoviymy roughness or inequality 
of their sides. Any such mechanical treatment requires to lie Imlli 
lightly and cleanly executed with the minimum amount of injury to 
the laminations ; indeed, unless absolutely necessary, it should in' 
entirely avoided. On this account the longitudinal grooves on the 
assembled core are not milled out, and even when the notch-s are 
stamjied in the discs Jicfnrc assembling, they must he'carefully 
inspected to see that they are free from burrs, by reason of which 

the rough edges of nciglilxmrjng discs would hi- driven into ..I 

contact with one another. 1 The effect of the pressure with which 
long armature cores as in large turbo generators are squeezed 
together between tie end-plates is to drive the burred edges of 
punched discs into contact with one another, and this may give 
rise to high local temjieratiires at places where the edges erf the 
laminations are short-circuited. Apciinlly at each end of the ion 8 
where the applied pressure is greatest There may lx-an IvM.l'. 
of as much as I volt acting on the short-i iri-tiit, and if there is 
only one or a few points of coni art hAween adjoining plates, they 
may be raised to incandescence. Hie insulting p.qier is then 
burnt out, and*lhe area <Jf the daifiage rxUVuls with increased 
iron loss.' * • 

* 9 

$ 80, Eddj-cnmnt* in bold tof/High amitur* cor*, if the 1 km!v of an 
armature core is traversed fjy a niimlNT of Ivdt*, and these, although insulated 
from the discs through whn h llioy pass, an- in mi-tillu- connexion With the 

1 Cp. Miles "Walker. The I TtouMe* iw I-.ltctrical Mtxrhynr\ t p 9J. 

4 For the dkJy loss specially in tta laminated teeth of a tithed core, 
cp. F. E. Mcurer, FUcft. World, Vul.**9 ( * 792. # 

1 B. G. Lamme, Trans, Amci IKK., Vnl. 3$, Pari I, p &>. 

• 4 M. Vi^iiur, h u M., Vol. 37, pp I and 17. * 

* * 
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pH il plates at either end of the core, not onJy IS the effective area of the on re 
;h rimficaJiy reilnceil by flic presence of the bolts, but there results a conducting 
system analogous to a squirrel-cage rotor in an induction moke Each bolt 
becomes the sent of an alternating impressed E.M.F. proportional to tie dux 
which it nits, the latter depending upon the radial depfh within the core at 
which it is situated ; this E.M.f. ot periodicity ) — pNjffl will pass throngli 
tern nlMvfay in the inlcrjml.ir gap.< and will have a double peaked maximum 
under each pole. Tile resistance of the portions 0 / the end-plates cone 
spr,riding In each Jwift. and forming part o' the circuit, will be low owing to 
Ihcir large area, and may he neglected. When the r east.a rice ftf their contact- 
area with tliv head of the holt is also neglected, and the sped/ic resistivity of 
wrought iron Is,Its is fnkon to lie I X ID’ 4 ohm, the resistance 0 / each bolt 
> l y Id' 1 

•of diameter d centiiuelruri ami length l centimetres is ohms. 

7T£>74 

1/ dtf; holts pass nearly through the centre of the racial depth of the core, 
and so"arc comjfcclely surrounded hy iron, the inductkmc of each will bo an 
fiigh a h compan-d widi I lie .llxm- resistance that its sclf-indoicd K.MF, wijl 
he nearly equal t«> its Impressed J!,M T.; the resultant will be 

low. anil the current will lag tahiiid the impressed K.M.K, by suinc angle 
approaching WJ r '. lienee even if the current lie large, the watts EJ cos <f> 
will M so small as to lx: negligible by comparison with othi'i more important 

lirtSCS, *' 

lint this condition also implies that the self-induced flux ditv to the current 
through l hr I jolt is almost cijiial to the original field wfiirh it cuts ; the current, 
lagging nearly 90 electric al ilegivs, reaches its maximum magnetizing effect 
in the cent o’ of each interpnhr gap in I lie position U-st c;i! dilated to oppose the 

C issagir of all lines Mluvv llie Mil circle and to ninmilriiti 1 tfiem aMvu the 
fit cirile Almost all the |1u\ is ilriwiifintii tin- initer layers of the core, 
and only a 4 small pen Milage is left within the Ixilt circle xulheient to supply 
the loss of volis over the oliniic resist a tic i* of the bolt. The area of the core 
is tli^s in effect reduced, aftd the current reaches «jrh a magnitude that its 
ampere-l(ms in combination with those of the field winding are xnlhcicnt 
to drive llu; flux through the arrnalure path ini which lie permeability is 
hy reason of llie density Ming nearly doubleil. The eddy-currents 
in the lx ills will supply hnW the total nuinMr whiih are required, but in order 
to retain tin same iota! tin v the field ampere-turns must themselves he raised 
com puled with I he mini Mr which would Ik- required over the armature 
jxith if I he bolts were absent. Thus (hi. 1 correlative of the iicgligthlu expendi¬ 
ture of waits in llie Mils is an appreciable increase in Vie hiss from eddy- 
currents, and possibly also from hysteresis, in the discs. 

On this account eillier the Mils passing througlV tJie body of the core must' 
he ituulrUrd from tile end plates, as shown in Fig. 132, or the effective area 
of (lie ion* mtisl lejinkiHK'il practically as that between lliu bottom of the 
slots ami the bolt circle. K 

As the'bolt tanli* is brought nearer to Ihc inner edge of the discs their 
inductance and magnetizing effect decrease, hut on the other hand the expen¬ 
diture of watts in the h dts thew^svK'c-S increases. If the Mils an 1 immediately 
under the- inner edge of ihe cli*ns wo approach the condition of a conductor 
lying oil the surface o| an iron eyre, and Ihe inductance of each t-ult is so Ibw' 
as compared with il^'sistanereis to l>t* ineligible. If fur a rough estimate < 
the distribution of nie lines which leak out of the voA- is assumed to be 
sinusoidal, with an average ifb|u4lion H, Hu vtrtuaKK.M.F. of each bolt 
would be 2-22 {II x pile-pitch) / .ft; 111 - * - /s’, ihe jxMepitcli Ming of enure 
measured cm tin 1 inner circumference u' the discs. The lag of the current 
being negligible, the expenditure of power in each Milt ia then E*/R, or by 
flubstitutipn 0 the above expressions is 11-9 (if X pole-pitch) % J* ' d*i X 10"** 
watiS. If in practice such a figure as If 100, and a pole pitch of 20 centi¬ 
metres in a multipolar machine of bprly large site arr assumed, the loss in each 
bolt of diameter 2*54 centimetres for a frequency of 30 worje^put to 0-9 watts 
per centimetre of its length. The interest of such a case lies in the fact that 
aimilitk or larg.'r Josses may M delated to an armature core supported on a 
centra] hub, since in Hfret «<ich arm of thi hub corresponds to a bolt lying 
Immediately under tie* discs. \ * 
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| 21. Eddj-wurento In the copper winding at armatamc.—(6) 

The origin and nature of the eddy-curlents which occur in solid 
coppor conductors embedded in slots during their passage through 
the field of a dynamo were first investigated by S. Ottenstein, 1 
and from his experiments the following conclusions are mainly 
derived. Since the eddies are due to the change in the number 
and direction 1 he,lines wfthin the slot as its jmsition relatively 
to a pole is altered by rotation of the armature, the total loss can 
be divided into two components: (1) due to the rate of alteration of 
a supposed radial field passing straight down the length of a slot,- 
and (2) due to th<^rate of alteration of a supposed transverse held 
passing straight aftoss the slot. To corresjannl with this and to 
isolate each effect separately, the actual field within the slot, what¬ 
ever its nature, must he resolved into two components at right 
angles, their combination at any moment and at any particular 
spot within til?; slot reproducing the actual slanting direction of the 
lines together with their number. The Ji.M.h'.’s ate at right angles 
to the direction of each component field, and the eddies are reduced 
by subdivision of the copjKT into a number of thin strips side by 
side in the case of the radial field and into a mnnlier of layers in 
the case ol the transverse laid. • 

The maximum value «t either the radial ur the tft'uuvrrsi ,1 \ deudty Wilt 
lx: different far each bar within the slot ;ucording to i1*i position ; Hits the 
former will lx* small tusir tin* middle of the slot, gn.alei ni the due to 

lines leaking owl again frotti the teeth when highly n.U nra li-d, ami greatest 
immediately at the top where the lines enter faint Jlie air gap. With muriial 
proportions of slot the maximum Viltlir of the n'lml flux-demil y al the 
ol the slot is twice nr thrice that of the truss delimit i. l*uf it verv greally 
diminishes Ijotli from the top ami bottom of tin; slot towards its middle, 
tlicit its influence on the whole is not so preponderant The iro'isffir'ld dries 
not show nearly .x»i much difference in its values for the upper and lower 
^halves of the slot. Also, the surface rspiscrl to Hu* cross density is nbout 
three tinted live width of the bnr in an armature with Narrow deep slots and 
two layers of winding. Hence in such armatures a further transverse division 
Into more than twr» layers might give flower total loss 1a9ii au equal mmiU’r 
of radial subdivisions ; in other words, four lKirs oik; above the ndier would 
be preferable to two layers of two thinner bars abreast. On the other hand, 
with wide shallow sluts, rat ha I so Mi vision into several nations abreast would 
be the more advantageous, as the radial flux <'«nsiiv prPjvimlerates, In i other 
soldering of the bars togflhiT at their ends largely nullifies all the 
advantage of the division, mi that it is nf*liulo usft to divide a tliirk l«ir 
• into several laming, in parallel •which are ^mmediatt V oulside the 

limits of the core h . gth. lastly, the tern of the Uirs should lie k«*pt well 
below the level of tlrt; yip uf the slot, whmr* there is 3 strong field of curving 
lines ; the of hard urood wedges for Securing the l>ars in a slutted arma¬ 
ture finds in this an additional ri-con.mendation. Shading off the field at the 
pole-tips, a^by cutting away^half the poledip laminations, is found to produce 
little or no effect on the total loss. * • m 

Aa an cmpi/tcal approximation, the loss per slot filled with a single solid 
bar'with normal insulation from the w*afc and distance from the top may be 

1 " Das Nutenfeld in 7aiinarnUtiTren < uml die Wirbelstf)mvcr1i*te in 
massiven Armatur-Kupfcrlciter: EUktrotecknt±cfnr Vorlrdgt, 

^(pL 5 (Ferdinand ifnke, Stuttgart). # 
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said to be proportional to the depth and width of the slot, and when the con¬ 
ductor is subdivided, the loss, foughly shaking, varies inversely as the number 
of layers and as the numlier of conductors abreast, i.e. inversely to their 
prrxtuct z » ZfS. ,TJie two fields co-exist, and as a practical clue to tne ftncnmt 
of either field within the slot may he taken the difference between the uncor- 
reeled flu^-donsity at the roots pf the teeth and a ftxcd flux-density of, say, 
17,000, at which but few lines sprdKd into the slot except at its extreme top, 
The total loss in the S slots is so far * 

cc V t* f. (micurr. II,, 17.000)S ' 

Tho radial lh Id declined from a maximum under the centre of the pole to 
rfi'To on the m-ihrul Jim-. TJui transverse field, oil the other hand, at least 
so far as tli'f ceilin' of file shit js concerned, increases from zero at thi* eiinlrw 
of the pole fn a maximum at the inde-edgcs. The -average value of the 
transverse slot ft-ld along the polo pilch is indicated in 398a. It will be 



mvtl that whi n the Uvlh of n mntinmuis-currrnt .Yt mature under the pole-face 
ire worked with a high density at the foot, fi (a over IfO.ixH), there may br 
a considerable cross llus Within I lie slots close in the pule-edge causing eddy- 
cunvnts in solid conductors, The amix-re-timis over w tooth under the 
pole may lx* 201)0, while an adjacent tooth just Ix-yond the pole-lip, with 
only n civuparatively slight falling off in the density, may only require jXThaps 
<00 aiupen'’turns : there will then lx* a difference of ■. magnetic potential 
across the slot of JrtOit ampere turn*, and just as m Vhe cast' of the rotor of a 
turbo-alternator, flux will U- shun led t rails viwlj? from llio highly saturated* 
foot iicthsm (lu* slot into the less saturated tooth, lienee near each pole-edge 
the cross On sc 'jiiffrmn rapitl rise and fall, and as the difference ill the ampere- 
turns of two adjacent lecih may increase faster Ilian the sipiaiv of the total 
main flux, the loss from the aImw cause may increase faster than the fourth 
power of tile flux per fade. 

The transverse- slot held at un-load and the eddy-current loss arising there¬ 
from in solid conductors has since been calculated III detail by L. Dreyfus, 1 
who has shown that 1^»« eddv currents react oil the flii\•density in the teeth 
and drive tty' lines 'hi bin I he. slot bock .Into the teeth A chock i.x thus 
automatically applied to their increasing magnitude, and the total copper 
losses do not continually iliewith increasing *4<.v depth. Under load, 
when the fondue tors themselves -arfv a normal current, the- conditions 
become even more complex. 

An approximate formula for the amount of the loss in watts per cubic cm. 
of copper in the slot has been proposed by Prof, Miles Walker, ahd an actual 
cart? has lieen analysed, in The /hdtfjm-ifHg of Troubles in Electrical Mac hints, 
pp. 92-95. As a purely empirical formula Mr. B- G. Lamnie ( Trans. Am*t. 
f,E-E.. Vol. 35, P&rt I, p. 272 has given for the total effect in a two- 

layer winding c 

wait, S/I.V (loon' A r { )H' X 10'*, 

> Arthlr. fiit Khklrot., V«J. 6. pjv 185 an,I 327. 
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where p = no. of pairs of poles, N ~ revs per min., AT t maximum 
ampere-turns for on© tooth, and V = total volume of copper ill cutoc inches 
in one slot. # 

Thus in the case either the radial or the transverse slat fluxes the rate of 
chango or the rise and fall of the field is largely focalized in dose proximity 
to the pole-tips. An examination of tlu^ of the field astflcpeiident 

upon the length of air-gap and of the intcrpolur rone shows that with :i usual 
rafto of pole-arc to pole-pitch the loss docs not increase *j hist as the diameter 
of the armaturg, and only increases in pro|Kirtu>ii to th«* ftli power of the air- 
gap ; further, thaUit becomes pmpnrtional to the KJMh power <»f the nifflW 
oi pules. The conclusion that the leiiglh of the air-gap has but little 
effect, although an increase* in it tends to increase the loss, is home nut by 
experiment, % 

In default, therefore, of more complete knovvle<lge. the eddy-current 
coefficient. which mu^ be multiplied he Hie *[i*;<reof tfi<-umulicr «»f revolution* 
per minute to determine the loss in tile Isir.s of a slotted .frmit im* may Ik* 
given as * • 

. / imcorrodwl • 17,OII()\t ^ u '„. h„. t | .f \ 

{ 100(1' ) X * ’ x J P 

* * < 

Under load when the armature is carrying current, the distortion 

of tile field liy armature reaction increases the loss. The maximum 
value of either the radial or the trcyisvorsc field at the trailing 
(Mile-corner is increased and at the leading j»ole-corner is decreased, 
so that these two changes largely counterbalance one another and 
llie loss in the inter]lolar liars is lint little increased. Hut the fields 
now vary almost continuously under the j»lies, and the loss in the 
slots under the |M>les may lie regarded practically as an entirely 
additional quantity. Wiving to the complexity of the conditions, 
neither theory nor exjieritiient has uj, ti^ the present prftvidM 
a .simple means for estimaling tile loss inidor load by a 
rational (orniula. Tests under short-circuit do not help yi * 
this matter, since there is then practically only a cross held front 
the armature conductors present, and the teeth tire not highly 
saturated. ' 

funnily, the nnppir liars of a section during the period of its 
commutation arc traversed by au’alli mating thix si If and mutually 
induced liy the armature current and crossing the slot from side to 
side. The current is then no longer linjlormly.distributed over the 
cyoss section of a large solid comhictoi, and since this Htect produces 
a loss projiortionai to the square of ♦lie lii.ubr uncut, it may also 
be derived by attainting a Virtual increase in toe resistance of the 
conductor. The energy lost thereby,’although assisting to heat 
the armature, is, however, ratlnjr hfl* considered under the question 
of commutation, being closely connected with the apparent induct¬ 
ance of tfie section during short-circuit. Vet inidcr-yorjimutating 
(Miles, the liars may become seriously healed at the periods of 
short-circuit,. 

It is not only along thc,active l«figU> of the liars that eddy-currents 
are set up. Where the solid bars project licyond tfie core of the 
toothed armature, or where the stranded bars tire soldered to their. 

♦ i 
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end-connectors in the bat-wound drum with evolute connectors, 
the fringes from the flanks of the poles contribute small quota to 
the total loss. • 

(c) The bands of binding wire, especially where soldered together, 
are a further source of loss. On smooth-core armatures they are 
of minor importance, but when employed in connexion with toothed 
armatures they may give rise to considerable losses. By the 
use of a material of Jiigh resistivity such losses can, however, 
lx: reduced to* an almost negligible quantity even in toothed 
armatures.* 

5 28* Approximate formulae for eddy-current Kss in armatures.— 

linough lias lx‘cn said tn show the great difficulty ef expressing 
in any simple formula the combined effect of the numerous variables 
which enter into the question of the amount of the eddy-current 
, loss. The law which governs any one constituent may.lx: unknown, 
or, if known, the magnitude of its client may be quite uncertain 
owing l« its being de|X'tuleht upon varying conditions in practice, 
such ns the stamping of llimliscs or filing of the slots. Hither of 
two methods of treating the subject may be adopted. By the 
first the hysteresis and eddy-current losses in the core and teeth 
of the armature are grouped together, and an approximate expres¬ 
sion for these ” iron Josser,” as they are called, is constructed, which 
sHoulft I (ear a reasonable relation to the losses experimentally 
measured on no-load when the unwound nf.icliinc is driven in the 
exciteil field by an electric motor. To these losses are subsequently 
added an allowance for eddy-currents in the enp]ier winding on 
no-load and on full-load. By the second method, all the eddy- 
current Ihsscs pr<qx>rlionnl to the square of the sj^cd are grouped 
together as a wliok*, and an approximate 'expression is con- 
strileted for tile coefficient /•', which should, alter deduction of 
the pole-face loss, agree with that deduced from an experi- 
ment.d test on the Kapp-llopkiuson method to be subsequently 
descrilx'd. 

In either case some fommla which when applied under changed 
conditions shall give fairly reliable results is so necessary to the 
designer that the rotpiired (prins of impression must at least be 
tentatively suggested as a starting point for pur]M:sls of comparison, 
even if the constants require to tie afterwards conk!ted as experience 
accumulates. 

The first method is perhaps more suitable for alternators, and 
its discussion "is therefore reserved until Chapter XXIX, § 13. The 
second method will here be followed, although it must be understood 
that the results of Chapter XXIX are also applrablemidafis 
mulanSis to the continuous-ciuTvitc dynamo, as there explained. 
The problem, therefore, is to construct a formula for F, or the watts 
lost in eddy-currents at one revolution j>er min., which will in some 
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degree differentiate between the diKerentjocalilies of eddy-currents 
and the diffeicnt causes of the loss of energy by them. 11 ie losses 
other^ban those in the active length of tlie cupper winding may be 
divided into a portion due to the active length of the iron under 
the poles, and a portion due to the*end-fringe from the thinks of 
the^oles. The first for a given linear speed is probably Inst regarded 
as proportional to tlie cylindrical surface of the core, t.c. to 1>L, 
since it is largely due to the extent of the surface contacts between 
the core laminations caused by mechanical processes ok manufacture. 
Indeed, in toothed armatures a good deal df evidence ‘might he 
brought to show tl^jt this portion of the loss is proisytion.il Jo (he 
number of slqfs, each as causing continuity of sairfare. or to their 
own area <d surface. Next, this loss will vary as the sijuare of the 
density on (he surface at different jarts of the teeth, yet since this 
diverges from proportionality to the air-gap density only when 
the apparent density m the teeth has been pressed very high, the 
term B, 1 may lie retained approximately laistly, it will vary as 
the square of the linear s|H-ed, and tluncfore lor a given number 
of revolutions i*;r minute as D-, so that it finally becomes 


h va l)U l 1 *’-vV 

{ 1IKKI } 


In the second portion due to the end-fringe may be grinyireFthc 
hisses in the cnd-coimexiins and solid ends of tile liars when: they 
project past the core, and the whole is nnigljly proportional lb tl>{ 
circumference, or to 1>. All these losses will lie pro|»irlinnal not 
simply to /?„*, but to (AT, -< AT,) 1 as causing the stray lines, 
between the pole and the body of the armature cure or supports 
of the end-winding •They will also vary’ as the square of the 

• * (AT . A1 \ 2 

linear speed, and so liecome A,. N* ■ l> :t I ) 

Tor the toothed armature A, varies between-l / Id 1 ’ 1 and R - 10’ u , 
A, is aliout 12 x 1 0 I:l , and A, the factor in tile last exjircssiun 
of the previous section for the copper winding 1* is Midi a value .is 
80.x 10' 10 , all dimensions 1 icing reckoned in indies, ami flux- 
.densities being measured in lines Jiersqujn- reiilfhietre. An equation 
of the form • 




^ /uncorr. B n - 17.000 
* +80 ( ’ 1000 


)' 


S'*pU)*l}p 


! ] 


10 10 . ( 210 ) 


may thus be suggested for the toothed drum. In practical cases the 
first term is by far. the greatest, the scrunch about 5 per cent, of the 
firlt, while tKe third term nevyr readies any appreciable amount 
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until tiie unrorrected B t% exceeds 22,000 with fairly narrow slots 
and deep tars in two layers, or 24,000 with four layers of shallow 
bars. A wide slot should only be used in combination with thin 
bars and with low values of B lt . Analysis of numerous experiments 
on toothed armatures shoWs 1 that the total loss is not far from 
proportional to ff s ! aiul wlien the total measured loss in both 
armature and polc-picces does not rise so rapidly the reason may 
be traced to magnetic screening reducing the ioss in the poles 
(<A§29). 

In mneliision, it may again he repeated tliat further direct experi¬ 
ment in the laboratory as to llie various sour^js of eddy-currents 
ami their suppression is much needed, and the lack of such a firm 
t:X|>enmeiit:d basis must lie the excuse for the approximate nature 
of the fornmhe which have been above hazarded. In commercial 
work machines can seldom lie designed so as to test separately the 
influence of the several varying factors, yet it is only to the more 
complete elimination of uldy-currents that we must look if the 
efficiency and output of dynamos for a given mass of iron and 
copper are to he appreciably increased in the future. 

$ 23. Hysteresis loss in armatures. Returning to the third 
source u! heat, or the " magnetic Joss by hysteresis, the amount 
of ]mwer sjieut in changing the direction of magnetization of the 
cord inyst he calculated, as explained in Chapter XIV, $ 14. In 
the core lie low the teeth the density and hysteresis loss is greatest 
lit life outer layers, '('lie nominal maximum density when the Hux 
is averaged over the whole of a cross section midway between the 
,|loles is only about 82 per rent, of the true maximum near the bottom 
of the teeth. Hut since the curve of Rig. 218 for rotating magnetiza¬ 
tion is based oil the nominal maximum U e averaged over an inter- 
polar cross section, the values of h for ntner armatures with tin, 
same nominal yiuxiina !! r may thence be obtained. The loss in 
tile core is then for any given maximum density simply propor¬ 
tional to the number of complete cycles per second, and to the volume 
of the core ; it map therefore be expressed by a cuetlkient H multi¬ 
plied by the mitnlier of revolutions per minute, or in terms of the 

I V 

symbols of ctpiation (87); // ---- h V t and HN H w . The 

cross-magnetization of the aAiiatiire under load here also increases 
Hie loss as compared with that at no-load. The total volume of 
the teeth must be calculated separately frpm the rest of the armature 
eras, and In default of experimental figures strictly applicable to 
their case h must again be t#kcn from lug. 218. as explain d in 
Chapter XIV, § 14, qu.v. ,, 

The punching of the slots-in'die discs hardens the edges of the 
notches where the iron- is sheared off, and the hysteresis loss is 
thereby as well as by any bending or mechanical stress increased 



THE HEATING OF DYNAMOS 


209 - 


as compared with laboratory results oi) plain strips of the same 
quality of irqji. But all such sources of increased loss are practically 
in determinate. , • 

§ 24. Predetermination of rise of temperature in armatures. - 

Comlitning the three losses together, * the total watts expended 
in heating the armature arc 

W =? FN*+ HN . . . . (211) 

« 

and it is the ratio of this tu the rooting surf.ire qf the rotating 
armature that determines its rise of temperature. • 

In estimating tha relative rooting value of any surface the general 
principle mu^t be To allow approxinuitely for diltrivnres in their 
degree of exposure to the outer air, and also for dii'tcn-iires in their 
peripheral speed. Thus the end-windings of multqiolur banrl- 
wound arm a hires are of inoqp im|>nrlaiirr than the rent re portion 
of the core which isadireetly under the poles. Again, in large 
multipolar artnahires in which the disrsem* supported on the arms 
of a hub, not only is ;i clear air-spare paired between the internal 
circumference of the core and the cylindrical hub. but the percentage 
difference between the jicripheml S|xvils of the inside and outside 
grows less as the diameter of llie armature is increased.• Finally, 
the number and width of the radial air-duels through the armature 
core will exercise a considerable cflect, and may require to tltkcii 
into account in the caliailation. It is, limvevcf, useless to adopt 
any great degree of refinement in the calculation of the cdlilinf 
surface owing to the nuiuber of secondary ronrlitfuns wliicli affect 
the result. Different types of machines will require different 
methods of reckoning the cooling smfaee, hut in general tin- curve 
connecting the tusitiwg coeifsiriit with tin 1 peripheral sjH-ed will 
have the shape of thosifin h'ig. .199 when the cooling surfaces are 
rdekonecl on some consistent basis. I’raclit al e\[iei ieme will < let er¬ 
mine a method of calculating a Ilfeure to which tfie cooling etfeet 
maybe regarded as proportional, even thougli all the laitois which 
enter into it may not tie strictly taken ipto an punt. The general 
effect of taking close account of tin; sin f.f' rs of tin- inside of the core 
anti of the air-duels will merely lx- to raise tli» value which must 
*be assignetl to theamcflicienl Vhen the Armature is stationary. 

The two cases «f smooth-core d.-um armatures and toothed 
barrcl-wovfnd imiltipolars in whirl, the armature core is well 
ventilated by air-duets at intervals of 4 or 5 indies may, however, 
be distinguished. In some designs the ventilating duels have Wen 
maijc so numerous and so wide that the effective length of the iron 
is only two-thifds of the gross length of the core. In small machines 
less than 15 inches in diameter, owvdig.to the confined nature of the 
internal apertures into the cm;, the effec* of such ducts is not so 
marked as j/t largt machines, altliougli they still remain of value 
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when made of considerable width and accompanied by a high 
peripheral speed. On an average the curves given in Fig. 399 have 
been found by tile writer to give good results in the.euse ofcontiifuous- 
ciirrent i|\ii1tipnlar armatures of usual construction up to jvripheral 
sjx-cdsof 4IHK) feet jx:r minute.* The value of the heating coefficient 
k P / .Su/IF, or the temperature, rise in degrees CentigrSde 
per srpiare inch per watt is for barrel-wound toothed armatures 

. i. . "’here r is the peripheral speed of the external 

1 I ten [If/IIKK)) 1 ■' 

surfare of the armature ill feet per minute, anti .S’, is the cooling 
surface ill siptuv inches. The final maximum 'iso of temperature 
of tile outside ol lire armature as measured hy thermometer is thus 



The rlfrrt of Hie peripheral speed has in many lonnnhe been given 
by a (actor of tile form I t Cl-S (i-.'ltKKl). Imt tlie use of the first 
power of (he jx-tipber.il speed apjxars to underestimate its great 
inllueiiec.. 1 Tlie <-• nisi aril value whist i* II. or the armature is at 
rest. riami-lv. tt.S, is lower than the average value for stationary 
lielib’uagiiet bobbins i living to the lesser thickness of the layers 
of eoppiV in the anuiture ; for any giveii 1( tv]n- ol madiine ii may 
L.i determined bv measuring the rise of temperature for a given 
number of walls when tin- armature is placed in ils appropriate 
field-magnet ami is stationary. 

Tint cooling surface to tv used in connexion with tlu- curves of 
Fig, 399 is irt the case of toothed armatures wj)li i/.urel winding the 
external cylindrical surface, /tins the intisnal cylindrical suifaru 
of file winding at both ends so far as it projeds tvyund the core; 
the latter must be again reduced, in proportion to its lower speed 
when there rs considerable ditlerence lx-1 ween the external and 
internal diameters. The former surface is nl) ,/., where is taken 
from the outer edge of the i onrmutator lug to the extreme ojipositc 
end of the armature, i.c. I. f 'll, nearly. The latter is approxi¬ 
mately rr/)|(/., - L) ttI i, . 21,, or wlrrn reckoned as of less value 

* /v 

in proportion to its lower peripheral sjx-ed. n . ■■■■ . 21,. 

In all eases the question of the heating of the commutator must 
Ire also considered in relation to that of the armature. The above 
figures assume that the temperature of tire commutator is loyer 
than that of the armature. Wii Ir rarlxm brushes, however, the final 
tcm;vr.itore of the commutajorqnay exceed that of the armature. 

1 Const ants have also lx-eii used la suit '1 factor of 9 ■ lorn- (I a- n) 
pj>, J, Fischer-Hitmen/ JF.ii.J/., Vol. 3ft {191H). pp. Ihffi and 217. 




Fig. 399—Heating coefficients of armatures. 
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Hence the commutator, Vto far from helping to dissipate the 
heat of the armature, positively assists in raising the temperature 
of the near enfl by conduction, unless there 6 are long radial 
commutator connexions whiqli exert a powerful fanning action. 

For a peripheral speed of 2(xV) feet (xtr minute, a rise of 36“ C. is 
approximately obtained if the. watt* per square inch, IV/S ( , = 
141 to J -5, or vice vi'rsa if ,S C 0-71 IF to 066 W in'other words, 
about three-quarters or two-thirds of a square inch of cooling 
surface, as above reckoned, must lx; allowed per watt expended over 
the amiatfire. 

It may herqibc remarked that a cool machine' is by no means 
necessarily efficient; although in most cases tliese two desirable 
qualities are attained by the same means, still it should he remem¬ 
bered that, while the efficiency is dependent on the ratio of the lost 
watts to the useful oalput, (he rise of temperature*:* determined 
by the ratio which the lost Watts bear to ‘the cooling power of 
the surfaces. 

Finally, with a given arihaturr, since the eddy-current loss is 
dejiendent upon the square of the revolutions, the amount of current 
that eaii lx; taken out of iL at different speeds for a fixed rise of 
temperature depends largely upon the pro]x>rliim of the Copper 
loss to the cildc loss, and upon the way in widt h the effectiveness 
of the entiling surface is modified by alterations of the |x‘riplicral 

§ 28. Heating of the commutator.- -Hie heating of the com¬ 
mutator with carbon brushes tins an importance second only to 
that of the armature. The sources of heat within the commutator 
itself are fourfold, namely - t 

(1) Tilt; loss of energy due to the passage yf the armature current 
over the contact resistance of the brushes, this current being 
assumed to lie divided between ^lic several sets of brushes of the 
same sign and between the portions of any one brush in strict 
proportion to their areas ; ir. on the supposition of a uniform 
current-density undtr the flushes. 

(2) The additional loss due to the unequal division of the current 
over the surface of the brush contact, atyl to sparking if commutation 
is not pro|X'rly performed, Apart from " additional " currents, 
unequal distribution of the current between t.fie brushes on one 
arm quickly arises, due to sliglit differences in their pressures or 
in the state of their surfaces ; for the .drop over the, contact- 
resisianerf, a's has lxxin shown in Chapter XX, does not vary in 
proportion to tin; cut rent-density, even with the same pressure: 

(3) The loss from the mechanical friction of the brashes. 

(4) -And the loss from eddy-currents in the sectors which are at any 
moment earning the armature currcfit and the adjacent sectors. 
As the current flows along the stytors which are undergoing 
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commutation, and is gradually tapped »off into the brushes, these 
sectors are practically situated in a stationary magnetic field, while 
they themselves jre moving forwards. Eddy-currents are thereby 
set up in the mass of the copper plates forming the commutator. 

With carbon brushes the great increase which is possible in the 
first and second items renders it imperative for the designer to 
consider carefully the heatiflg due to the combined effect of the * 
four causes, «anfl this is esjieciully the case in machines of low 
voltage and largo current. , 

§ 28, Calculation of commutator losses. The romimitator losses* 
are calculated as. follows : (1) Let /q - the iiiniitier of rows of 
brushes of one polarity; then, assuming that the tola! armature 
current I „ is equally divided between them, the average current - 

density is 4 U and the current to la’ collected at one row 

/ •Pt I'u • 

■ *a 

IS 7- 

p 1 • 

In the absence of complete data a^ to the slm] k* of the short- 
circuit current curve, the virtual current-density and the form 
factor, A' t must la; taken from the curves of Chapter XX, § 10, on 
the assumption of a unifonn currciit-ilensity <„ corresponding to 

-—-■ where /, is the length of the l>. ush surface m ong row 

Pi ■ "x•h 

measured jiarnltel to (luwixis of rotation, and b x is the width of con¬ 
tact in the direction of rotation. The total loss of waits over the 
two sets of brushes is then 


where , is the resistance of one row, and , , , is the resistance 

K ■ U /V'A. 

of the />, rows of one polarity. I if Dm bipolar machine or the wave- 
wound machine with two sets of brushes, />, 1 ; in the lap-wound 


multipolar there must lx; as many sets of bruslu»> as there are poles, 
and pi -- p, hut in the wave-wound multipolar, even though there 
are several rows of brushes of one polarity •some rows may he 
’omitted, and p x r#ed not lie equal to p * 

(2) The addition.^ loss due to wftnt’of uniformity of current- 
density cannot reach any great amount with copper brushes owing 
to the sparking that would result, hut with carbon brushes it may 
form a very considerable item without evident overheating ofjhe 
brush edges.* Since the increase depends upon tlie square of the 
form factor, itjnay easily amount to 30 |xt rent, of the normal loss, 
or in extreme cases may double .The advantage y( carbon in 
reducing the sparking is, in fact, secure! at tlie expense of the 
efficiency o£ the machine. 
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(3) If p be the pressure on the brushes in lb. per sq. inch, and 
a be the total area of surface of all the brushes on the .machine, the 
total pressure is P = pa, and the loss in watts from the mechanical 
friction is 

f>l P l ‘ :< x 00226 watts • W 14 ) 

where v/ is the peripheral spend in ft. per min., and /i is the 
coefficient of friction, * 

• With low voltages (when the brush surface is large as in electro¬ 
plating machines) and with high s|xrds, the brush friction loss may 
lx; a very applk'eiahlc jxTCcnlnge of tlie useful output of the dynamo, 
and may exceed tlie loss under (]). 

The exhaustive experiments of ), I.iska 1 on dry and oiled bronze 
rings and eopjar ronmmlators with Imishcs of many kinds show 
great divergences lx-tween brushes of ildkrcnf. male-ritils and entirely 
dissimilar Itehaviour under varying conditions of pressure, sjtccd, 
temperature, current density, ami current direction. It can only 
lx: said that the eix-fixieiit of friction increases with increasing 
pressure and on a commntutor diminisln-s with increasing speed 
owing to.the mechanical vibration due to the passage of the mica 
and ropjx r strips. 2 Assuming /> - IJ to ’2)t>., average values for 
ft f<* r rough calrulatiolfe will he 

t. 

Hard cartxm . . 0-4 (at SIS ] (t. jvi min.) lit 0-2 fat ft(XX) ft. ; vr nini.) 

F.k-i triigiiijthuir . II-3S |,, limn ) 0 2 ( „ Sinn) ,, ) 

S>ft grajihilic . 0 2 l'.. 2000 .. ) ,, ll-IS (., SOI III ., ) 

t'.iplK-r ,v grajtldie 

■ mixed . , . 0-28 (,. SIX) .. ) „ 0-IS (,, JIIIKi „ ) 

f'opjxir guixi- tttll.it) 2 

The rix'lticient of friction on a perfectly smooth bronze ring is 
higher, timl both on the ring and on the commutator is. as a nil-, 
much reduced ley'a little lubricating oil 1 

(4) Difuute exjx-riments as to the magnitude of the fourth loss 

from eddy-currents tire wanting, Imt probably they are but small, 
although increasing with 'increased thickness of the commutator 
plates. , , * 

v 

f 

* Arttfitrn dritt f'lcktroftrhm-'Ufu'H Justitnt tu V*»l. 1, p 4ft. 

Cp. al*n Prof. l\ Hnily and Mr. W, S. H Cloifhorne, Jour*. 

Vol :tft. \> 157. 

1 Confirmed M so by Mr. V Hunter Brown, jour n t.E.ii., Vol. 57 f p. 195. 
At high speed* the lower friction is probably tint* to the contact being in 
fact intermittent tn some decree ; intermittently therefore a thin air-film 
intervenes between brush ami cmr^mitator. 

9 The [^M'T of Prof Baily and Mr. ric^home quoted in .,tv previous note 
also shows that the application »f ij snvtl amount of paraffin wax as a lubricant 
reduces tin* lioetheient of friction rif a dense elcctroKraphitic brush {Lc 
Carlioiic X) by 90 yv’r ceift.. i.r. to 0*OiV without mavasiup the electrical 
losses, llut the Lubricant must be very sparingly used {cp. Chap, XXltl.f 9). 
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| 27. Temperature rise of commutator— The rise <>1 temjieraliire 
of the commutator surface should preferably not exceed 70° 1'., 
or as»a maximung may be allowed by the British.Standardisation 
Rules to reach 90° F. (50° C.) in continuous running at full-load. 
It may be calculated by a formula Similar in its constriction to 
that for the rotating armature. The constant ol the numerator 
which determines the.rise pertvatt per stj. inch when the commutator 
is at rest is lojvirf than in the armature, owing to the belter exjmsnre 
of the former to the air. On the other h.uid, owing to its smooth 
surface, the intluence of the iHirijdu-r.il sjuril is nut so marked a# 
in the case of armatures, although still considerable if there are 
separate connectors to the armature winding. 1( 1l the total 
watts exjpiulcd over the commutator, and the cooling surface l>e 
reckoned in si| inches as the external cylindrical surface />/»< the 
area of one side of the radial connectors up to a broiling length of, 
say, 3* from file commutator surface 



where r c ’ is the peripheral speed of the eommntalor in ft. [ier 
minute. , 

Any such formula is # however, liable to many disturbing con¬ 
ditions, among which especial importance must lie given to the 
mimtier and shape of the connexions which lead from the armature 
winding to the sectors. If these are numerous, and are thin but 
wide blades of topjicr, they have a powerful fanning action, which 
very greatly ass,..ts in dissipating the heat of both the commutator 
■•and the armature. 

A cool commutator is of great assistance in any case of difficult 
commutation, and on this acciyjnt the committal ion of turbo¬ 
generators is much improved by sjiecial means for veiitila.iou Imth 
inside and outside the comnlulator; an itistamv is found in Siemens’ 
commutator for turlm-gcncrators, whi.ii is divided into two halves 
iffiited by rupper radial blades tbjjl servyj also as fans (Bril, 
i’atent No. 19t»l (19(18)). • • , 

$ 28. Eddy-cuirtnts in pole-piecet- ^fin-re remains the ipiestion 
of eddy-currents as sel U|) in the pole-pieces when a rotating toothed 
armature causes the density ol the field over their lxircd face to 
vary rhythmically. Sufli currents do not spread Ip ^ny great 
depth within the metal mass, but whirl round near the surface 
facing the armature. One complete cycle of varying flux-density 
at any spot corresponds to the jfastjage of one tooth and one slot 
past a fixed point on the pole-face ; or,, in other wiffds, a period 
corresponds to the time taken Jiy the armature, in moving through 



' .216 


CHAPTER XXI 


the pitch of the teeth ( i t t= ii' tI -f tt 3 ) (cp. Figs. 481, 482). If .$ ^ 

N , 

the total mimbcf of slots, the periodicity is/ = — . S. If th% local 

paths iia^l no inductance, the currents would run .-dong the poJe-tace 
opposite to each projecting tofilh, and (lien dividing wouid curve 
round to complete their circuit opposije the slots. Owing, however, 
to the action of the inductance which causes the Current to lag 
behind the impressed tlie positions of the eddies are dis¬ 

placed relatively to the teeth ; if the rcabtance (2were very 
high, or the rcsistaiirt: very low, the angle of lag would approach a 
quarter of a period, so that the currents would 1 embrace the teeth 
and openings nt the slots. Thu M.51.1’. of the edily-eurrent would 
then act to reduce the density opposite the teeth, amt Co raise it 
opposite to the sluts. Tims by the effect of magnetic screening 
the distribution is rendered more uniform, amt lluseddy-currents 
arc prevented try their own inductance frotn reaching any great 
amount. 

t 

Thru' in, however, ;i difference between the two cases of a solid And of A 
laminated pule-piece. Iri 1 li«: former rase the ('renter part of Out path of the 
eddy t urivals is longitudinal ■ >r along Ok 'AmuI length of (lie armature core 
(I'itf 4WJ (ji) ), and current* in such paths lesson the penetration of (he Mux- 
density vnrinlioii into I lie do-face. In tin* latter iiiist 1 , ihe KTVrtlcr part of 
tint rftly current pilli is rirciinilcn-iHiat (Pig. 4tl(l (/i) ), and such rircii rider- 
villi al cmt.-nls lessen (hr penetration of llu- [lux variation at Ihr sides oI the 
lamina!iims us compand with their irJltnxl portions. 1 The flux variation, 
tlfenfAre, ]K-n« (rairs more deeply iidu thr hi mi mi led pole, although in either 
case il extends over :l very small depth of iron. 

In n solid pule, llu* eddy-currents flow longitudinally across the* pole through 
n strip of width equal In a quarter of the tooth- pitch or /,.4 centimetre.*, 
and complete their cm* nit hv rviurmtif' through another adjacent strip of 
lkit- same widlh 4tlti<d The maximum ruu^o pf infill'd inn on the puli* 

face being from (■’ /f t , rJl4 , the maximum fC.JJ V. acting round the Cliff'S, 

of the circuit v.orivsp<> tiding ti> half the tooth-pitch isoc ,,r aln,, M 

the otic ctlff' isoc ; il is also proportional to the speed of the 

moving teeth, te. tVthe |H-npnor;d sp.'x'd v of .the armature -- ir/J.Y/fitJ cm. 
jicrwc,, ayd to (lie length t. f iA die ^tole-piecc axially in cm. The maximum 
K.M.!•'. tlcuii one strip is therefore 

„ /«,, ,( v» 1., X 1(1 *volu 

1 1 

Now the anymnl of the cddy-wriviU loss depends essentially on the nature i 
of the curve of (lie non-uni form Mux-density, and as a first approximation 
let the variation he assumed to 4 lie linnsoidal. so that it^gradiully diminishes 
after a sine law to Zero midway hetneen the (wo outer edges of our circuit. 
Tlie loss of power in any elementary sti.p is proportional to the square of 
the tv Ml' divided by its resist mice, and the aye rage valve of the square* 
uf the ordiijatm 1 of a sine curve is half the square of its maximum value. The 

1 Messrs. Adams, Lanier, Pope* and Schnofcy, ” I J oli*-facc Ijosscb/' 
7>4N.c .4mcr /.fi.T, Vol. 28, Part If;^p. 1133. where the different effect of 
the Umgitudiivil (axial) and the circumferential (tangential) currents is 
emphasized by calling the fawner “ damping " and the letter ” screening " 
currents. 
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re*island- nf the single strip t<^a distance h cm. within the pole-piece (Fig. 401) 
is , wlitri- p is (lie resistivity in ohms of a cm. cube of material of 

which the jiohpiiAx- is comprised ; the resistance of the tad or circumferential 
portions of the (irciul may lie entirely neglected as compared with that of 
(hr axial lengths. With sinusoidal variation the loss of power in the one strip 
is therefore in watts 

w «<* ' i t !'■* , id >« 

V '* ) ’ >-ip 


•J- 

r 


7rz:iL7r 


■ m 

x 




0 4 &vsra^0 


I’Jii. 4til. -• l-ddy loss in 


and as lliere are ships in (hr width of the pile, where A is tlie pole-width 
In / 

in c.tn.. I lie total loss m I lie pole for the depth It 


j r « f' il *Hax ^ x ^|-n 


At.fh Ivnig the viilmiU' of (lie portion under consideration {Fig. 401). 
Or per sip cm. of pole hue (he loss for (he depth A is 


/ /f >U 

j r l ^ in iii '(Jininj " 


A shit closer approximation $ay be mni^’ by again returning to the actual ( 
curve of distribution and drawing through il a straight lin^xhown in Fig. 401, ii) 
corresponding lo the nve.agf v*lne of /i l( . The actual flux may (hen W 
regarded as produced hv an alternating flux sup'rpiscd upon |he straight 
line. This alternating flux may ne replaced by an equivalent sine wave 
l Fig. 40|, in) having the same virtual value H t , and giving a certain maximum 
value H' whv’U is mu iiiiho the same as 1 -); the value (tf'J* 

« * ' fit ft vf 

must then "lie substituted in the previous expression fr>r L W-- 

Since t 1 may also lie expressed as t t , (he loss p.-r xq. rij( of fxile-face in 
tlv layer of thickness A cm. is thus * 

/ Y\i A * 

K‘W P'-Wp* ltf " watts - * 
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Since the eddy-current* curve round in the ipass of ttie pole, and especially 
at the ends of the pole-face, they may be partially reduced by axial slits along 
the pole-faceAhe thickness of the sudivisions being le«s than Af t ; but any 
such ^iMivision caanot be so effective as the more usual filun oi tanumtlmg 
the pole in a direction at right angles to the axis ol ml alum just as tile arma¬ 
ture core is itself laminated. Considering 4 single linn laruma'ins, trout tlu- 
proportions of the Jaimnatinu all longitudinal, i.r. axial. resistance to the actual 
dilatory currents as they cross the lamina may In- neglected m comparison 
with tile dreuinferential resistance down otie side and up the other. On this 
assumption the IvJM'/s generated axially guv immediately without iledne 
tion the P D/s for responding to the unnnuteirnlhd components ol the actual 
current, i.c. to the varying.currents rtJm/g lhe strips, through which alone 
energy is lost and which alone need to tv considered. Tin- mural avis ni a 
the lamina Itcing an eipii potential line and I ring regarded as at/em potential, 



Pig. 402. ('ak'iiUtioii of eddy loss in pole pine l.imnisitinf!. 


*1he potential at any point Q (big. 402) along ,1 lliin axi.i! strip, of length 
■ :m. reckoned from the ceiitie line, mting as tin* K M I’’, generating element, 
is proportional to its length x and dejnulent on its -ituat i»i * in ulhlefeiitrally, 
i.r. relatively to the sinusoidal curve tV as liuii by the angle n At any 
jxiint Q therefore tin- potential is 

,V 

/i S ^ f, xH‘ sin n - ]o ^ • 

Now taking a thin lamina within the original Jaimii.ftion. distant X oil. from 
1 the centre line, of width dr ami ♦ith one 1 >f fls ends localf d niwthi-line along 
which the flux-density has iis normal value, the a >pa< ml r.ite of change nf h 
in the circumferential direction along the Turnna is 


4E c S _ • 

■& ia 


This i» also t£u- prmimt r>f Iho < ir.n nlirrrnli.il current tlrnsil)’ A at any 
point Q x thc*icw*tivily p, and the patts per unit volume - & x p The 
watt* at the point in question, or &}fj >' Jhc nilirntesimal volume, are then 


(S *Y (if)’ 4«'r> . cos* (i X ~ y *!' da <if a in-'« 

\ **V a f> in 
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The integral j'.x , dx between tie limits x — and x = ^, where (is the fhidr- 

4 t* f # 

ness n( one lamination, being — , and the integral J co$* « . da between the 

« * 9 

limits a 0 ami a - () Ix-ing ^ , the loss in the thickness of one lamin^ion 
and in a length corresponding to a quarter of the tooth-pitch is 


, -M-p£)W 


X *0-" 


Mukqftying by *hr umiitif-r of lamina’ —T, and by the mi ml XT of lengths 
A » 

tin: IuIjI Iikk ijk tin* volume I' of a layer h cm. deep is 

j'i 


$(s£)W.i**' * to- 


or the same as I hr ixpirssion qf $ 10 for tlu? loss in an alternating field ; and 
tile loss per sq. till, of pole-face is 


1-645 



I0’ 1 * waits 


so that tlu." effect of the tooth-pilch has disapjXMred. 

Hut in etlluT the scouid formula for solid pole-pieces, ur tlu; last formula 
for If minuted [idle-pieces tru-tu remains the great didicuUy mule riving the 
value in tie given to^A. As we pass tlu* outer skill of tlu; pole-pu-ce, urui 
proceed farlher into its mass, the llux. rapidly 7*x;omcs mole uniform, and 
the wfrtts, living piopi►rlimiaJ to the square of the different** of the hux-density, 
diminish still mnro rapidly. It is, in tut, very dilticult tu determine lire 
exact depth ot Die fhi tlu at ions, and the values wluch are to he assigned to 
^tpax a,,4 l ** each successive layer. With, ordinary speeds ami a con- 

auliTuliWiumUT ot teeth, us in practical cases, the pc’ri<idicity of the alter¬ 
nating eurrenU set up from 50b to 2000 cycle* per stcewd - in wi high that 
tJit 1 screening action largely reduces tlu- loss, and Jus the cllcct nf rendering 
the general law of the proportionality o( the eddy-current K.M.K to the speed, 
and of the loss to the square of lilt- speed, no longer true. Ivqx-oially is th’.si 
the case witii solid r* e pieces, to which the case of a magnetic brake become* 
more nearly analogous. In Mich a brake, in which all tlu- work is expended 
in producing eddy-currents in a solid mass, it is found 4 that the loss or the 
energy absorbed is proportional to a v<ty low power of the speed, such as 
the J-2 [iwrr, Approximate f^lcuiations based on tlu* second formula for 
solid pole-pieces thus give values far exceeding those that arc found in practice, 
and it can only be u\,arded qs illustrating some of the elements of the 
problem. „ * ; 

5 29. More accurate lormuin foe «ddj-lo«s in pole-nieces with temping.— 
The complex elfects of scrreiling Van hardly lx* taken into account in an 
elementary- treatment of the subject,** but more reasonable figures obtained 
on the assumption 3 that the induced cur fonts are damped out or extinguished 
witliixi Itu* mass of metal after Die same law as that by wluch the intensity 
of an i-lectru Magnetic wave of high frequency decreases when meeting the 


* G. Pcttmar, E.T.Z., Vul. 2f. pp ,947-8. *' 

* Sot- V. Nfthamnwr, E.T.Z., \\d, 2d, p. 967„and (1900) p. 549. 

* Due tn K. V. lVnu aftefr A. I\»tier in hidu&tric fl90S), p. 35; 

and also to K Utidenberg, E.T.Z . (23rd Feb , 1905), p. 181. \ 
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surface of a metal. The resulting formula is |hen that (he loss per square 
centimetre of a pole-face in watts 1 is 


io- ; 


/ . V \1| •!* 

Vs) 


10 


where H' is rcoftonqd at*the surface, / is the frequency, the wave length or 
tooth-pitch /, is^n centimetres, ami R is tin: resistivity of a centimetre till* 
of the metal in absolute electfomngnctic units. The high I'lrctruii) resistivity 
of cast iron is therefore decid<-dly advantageous in redm iii/f Ihe eddy loss, , 
but since both p ami R ap|H.*nr together in the de no nun a tor, the gain is partly 
counterbalanced by the hnv per meals lily whi n the density of Hie lluxjit the 
pole-fate is high. Since the variation of the flux-density is flever very high 
at the surface, ^may be taken as corresponding to the nn-.m air gap density. 
The thick liens of the layer by which (he fluctuation is damped to 1 per cent 

of its amount at the surface 


iw h 0-7^yy/^ and is thus very small. 


Further, the loss U‘enniestprn[kirtioTia1 to the ]*5ih power instead of to the 
square of tSno frequency. The experiments of#Me*srs. T. I\ Wall and S. 1'. 

Smith* confirm the term ^ s' j-j whiih is h(tt‘ adopted. 

The chief (liffii'iilty remains in the term (//'*,)*, i .r. especially ill tlus value 
to lx: assigned 1o the amplitude of the variation of (he induction, //', at the 
surfa*«\ Since (he formula presupposes a Mimsonlal wave, thi; flux curve 
al the pule'face must lx- resolved into its fiimlaiiiriiial anil harmonics, and 
the loss fmm each added together U> obtain the ffcbd loss, i.i. tin- (<{inralr>it 
sinusoidal wave must lie found, and the amplitude of this expresxedjn lr*ms 
of the normal If 9 k> hli^ can^hi-n In- inserted instead offlb'. Thu values of k 
will dejM-nd upon I he ratios tiy'f, ami tiyj ? as a very imuplex fnuttioi* hufc 
the actual fliix-ilistributjun curves nblained t»y I >w T. F‘. Wall 1 have been 
analysed by Messrs. Adams, Ijinter, I'ope, and Siliunlry, 4 and fora particular 
value of a*, viz. fJ-5. whi»:li is not greatly ditfcrr-nt Imrn average praelite, % 
the value of k was thus determined lor different valin-s ol w a J g . T^e curve 
of A 1 in relation u'^f^o obtained is iri its lower pail n)> to r,-' a l g d fairly well 
expressed as A 1 (wvfp) y lit *, and cxj*rnnieiit approximately confirmed 
this. For larger values of i# 3: 7 A , /.•* will be larger, fi »r smaller values smaller, 
"'he alx)vc average expression fi>r A* iimv lx* eh* i keil in another wav, vu. 
by moans of an cxpri^i'ifi for fi, 

be again derived an approximation |t»r fl\ 

Carter , b 


from uliifli must afterwards 
Avoiding to the formula of Mr. 


HO ^llAt 


B , j‘ 


vC 


Wis 




hH. 




1 The name fonnula in a different form and its eski 
y Mr. 

*q m 


by Mr. F. W, Carter, “ f’ole-face /»wr». //: 


ab1i-hini(d are given 
•7'.. Vol K p. 170. 


1 Elect ?,, Vol. 5tf. p, 56R ; ami fourn. Vol. 40, p. 577. 

1 Joum. I E E , Vol 40, p. JL55 ff. * » 

4 Tram. Amer. l.l'E , Vol. 28. i'nrt II, p. 1133. 

4 J&unt. /.£.£. Vol. 34, p. 49; and Vol. 54, p. 16b, </«.». 
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wJkvv K Jus I hr same mrtminff as in Chapter XVI, | 7, If a iiiw 
lx* drawn fnuu the edge of a tooth to a point on the pole-face opposite 
tl». cent tv of sl slot. ami if this line makes an angle a with the surface 
of the pole-fare,' the same result may lx; more sLnply express*! 1 as 

. sic «• This agrees ve^v welt with the experimental values which 

i.iuV'he deduced from the curves of l>r. T. F. Wall and Mr. Matthews, 1 and 
in norma! ifises gives figures of about tJ-2 //„ on an average. If the curvet of 
lime distribution on the poWnrc were ninthly smuFeudal, | {P max - ^ mgrt ), as 
iitaivc calculated, could lx* at once substituted for li\ and when the ratio of 
slot opening to air gap i*m>l very large or very small, the curves of flux 
distribution are*in fact more nr less sinusoidal, eHprritUy if the slots are 
slightly ovi'chiilig- 4 

pig. 41 CM infhralrs (<r) how with a long air-gap (H25 in.) the density 
vMriatiF>n gradually dies away as ilur unsloltid pole-fat c is approached r and 
ji>] how for the ssnne^iiir-gap fj ill.) us (he excitation is increased the depth 


of tlu 1 slot depressions, i.c, the value of 
between the limits of iCyL 2 5 nnd 


V, 

5, mid with Wj//, -- 0*5. or w 9 


I'v."---y a 


agree 


rr (l tin' values deduced from tin* almvc formula fnr 
closely with tb-expression ^ *- ^ > Id *. ami the flux curves arc 

nearly MtniNoiilal about a Viifuo for -l 7 abnit 3. The same formula 
rii.iv llirrefore |r tentatively ijwd to discover Ar* for oilier values of tCj/ij 

Iml with the proviso that/ " lw - w, * rt ^ for values of nyf^ lower than 2-5 


is confessedly too low ami must Is- gradually increased until tt is doubled for 
I 4 In the opposite direction wln-u ir , A J tt is large, tin- (lux curve is 
llalti'V almve each PnjIIi with (minted depressions Is'lween the teeth, so that 
fi J||(l( > is i imsirlei’iij/y greater than the arithmetical average value of 
the'puls;i|itig llux. Vet the slujH' of the curve yields such harmonics that 
ils fottn faeloi is v! l ry high; m nther words I hr virtual value is even 
increased, anil thi- amplitude of the equivalent sinusoidal wave H* is actually 

aKJim hitsJii i llutli j( Hu- value I!I?',,,,,, H .II* irnwt Urn- 

fore again U- iim ivasci] when u^;l 4 - 5 to obtain nil hough not so 

yim h as ill the opposite direel ion. 

When fijV, is small, the same el feet takes place. For a given value of 
w t {i , as tin 1 tootlt pitch is increased, the zones of iron through winch the 
tin rents flow past ihc slots turn me small as umiparcd tvrili tile width »f the 
teeth over which iheiuducliim » practically uniform, so tlial the eddy-current 
loss over flu pole lace as a whole might lx* but small. The formula takes 
this into nccoiml, sipce for a given armature on increasing f t although tnc 
product of / t * with h* itself iiurcases/yet the number *»f slots and frequency 
are reduc'd The In.ss is, however, probably I lien under Miniated, so that 
wluui lj 2re,, ii is |vrh<i|>s better in assume Hie lliix-curve to I** made up of 
depressions opposite iyiIi slut in length equal In 2ie a with the erests joined 
by straight lilies of lelfgth U x Ssr»*) ewer which /t, holds. We then have 

lu consider onlv *" -- of*;be lnl.itpole-face, but the fmjwnry is -nr reaw’d to 

«; il t aiul in'place of the wave -length f. we have 'the shortened wavc- 
#0 2 «-, " 1 \ * 


* F. M. Uoetermk. An ft if fiir Vul, 7. p. 3US. 

i ;,w«. t UK. Vol. 40, p 572 

3 .Hasedrot* Figs. 10. 6, and 8 of tilt* paper by F'. 5- Dollcnbaugh, Jr., on 
“A Direct Recording Mel hod of Measuring Magnetic Mux Distribution' 1 
i ftwH. A i«cr tl\ (•'. (June, 192U). \H 3i>, p 5t«). The density in the air-gap 
was nuasimd by a rapnlly mtale^ lung tliin search l^I or armature* 
(>22 in diameter with 4 slots and 4 -pa^t commutator, which could be inserted 
in thi' air-gap' 1 Owing to the circniiistances d* the test the flux as expen- 
mrtdallv dctcrmimxl was not quite symmetlienl atMUl thf centri 1 of the pole ; 
tl«* want of symmetry has therefore Wn empirically conwted ip Fig. 403. 
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length The expression for the loss per gq cm. of the Mol pnlcfore 

then becomes 1 when t i exceeds 2 w a 



This expression in contrast to the «.*xprr*»b»fis first olitaiw-d gives actually 
too low vatu's fm the loss with .solid jx» 1<’ pieces ; broadly speaking, its form 
is probably based upon corr<*y princijl 1 *. but the constmil nyst lx? raised 

• * *» 

* Cp O. s.^>r»g»ud anil A. Fracntkd. Etnlr., Vnl. 6i. p fW7 
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to afl much as 10 if the valuer given below for 7? are used, so that for solid 
pole-pieces wc Anally have 


“( 4 ) 

( 4 )Tz 


'ft mdiV 

mo ) 


\m 

(?) 


x 10- 11 


* l _nr x ]<r< watts per sq. cm. . (2JS) 


The ex]>crij 7 irnUil results which have been published have not contained 
any measurements of R and fi, although the proportionality or otherwise to 
\ 

could to; itmn: easily dire Iced than the other factors. 

There in no reason to suppose tlial the true loss by eddies in the pole-faces 
increases bister -ban llw: square of the flux-density if tiu? same permeability 
could ^ maintained. The higher powers of 21 ami 2-2 obtained experi¬ 
mentally by Messrs. Wall and Smith are to In* fLsmlxd to the variation of ft, 
wlule the still higher power of 2-S obtained exprimentally by Messrs. Adams, 
lamier, I'lip*. and Schoolcy was probably in part due to increase in eddy- 
current* in the conductors within llu- slots :*t the higher deputies. 

Cu/njKirison ln-twirn tile two formula: given in £ 28 shows Dial the watts 


, | 845/* 1 I. 1 

in the laminated pole should sta'ftd to those of the solid note 1 as *—— 7 —to -» 

p l 2 p 

i.t. tho watts of the solid ]*jle n<-.ist for the same material be multiplied by k 
w* j* j* 

reducing factor - -- d 2 N ?3> and the specific resistance of the laminated 
3 *1 '1 f,» 

pole is as it were increased to a value limes its ivril value, Hut if 


,llu» in verso proportionality to the square root of tho specific resistance is 
adopted, the reducing facte-.' for the .sami: material must ilself lie taken as 




/ 



rx|s»rimeut, however, cJearlv 'shows llmt even this lower value magnifies 
far too much tin* idler I of lami ruling. hut, as already men tinned, the pulsat¬ 
ing flux penetrates more ilveply into the laminated pule, and the screening 
currents therein have also ihc secondary effect of increasing the hysteresis 
loss . 1 lo which causes the reduced effectiveness of the lanxnations i.s probably 
to be attributed. A letter praclkul approx in upion is therefore given by 


tho purely empirical factor 



A further effect of lam mat ion appears 


to be a reduction in the eKjmiirttt of the ratio wjlj. so that according to the 
experiments of the American investigators : t lxr»nu« almiit [w M ll g ) x,s for 
laminations 0152 cm. thick and if 0-0356 cm. thick- 

Combining these Ti“«ultH withy equation (215), the effect of the tooth-pitch 
does not entirely disappear in tin* laminated pile, ami wo have eg fut discs 
0-0356 cm. thick 


« (• £)’ W "fe’)‘P ' V« X 10' 1 walls pfr sq cm. 


"wnenwi* 


R f i 


x I0-* 


1 The same ratio also results from the expressions given by Mr. Carter 
(Journ I.K.F.., Vol. 54. p. 170), vis., ‘that the ratio of the witti per sq. cm, 

^ |i ( 

With laminated pole-shoe* lo those with solid foies is as ^ f t l 

* See F. W. Carter,rp, 17t>, It*, fit. 
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In the same way are calculated the other expressions given in the following 
Table. * i 


Thus the expression here adopted for the Joss by eddy torrents in tohd 
pole fnecel is 



whrfe f, is the tooth pitch in cm, and H is lilt" resistivity <if a ivntimrtitt 
cube of the irqp or st«4_in nlisolute rlirtm magnetic units* \ .e. tt p >. Ill’ 
where p is the resistivity inohius. For wrought•iroji, i .isi steel, and rast-in'ii, 
K may be taki^i respectively as J ID*. 2 ■ JO 4 and 10 * Id 4 . The loss 
increases very considerably when llu ratio exceeds 1!, i^jul the usage of 
practice which calls f;»r laminated polo when this v.il;u* uf the ratio is exi'ii'dird'' 4 
is entirely justified by experiment. 

With laminated po|-s where the thickness / of the l;iniin.x£im* eon..‘» into 
the question, 4 


ihu'kntsi if lamination. 

,^th in. 0-212 nu. . 


per i q. rm. of pole face, 

*-£rte)\?rf« - «■ 

0 06 in. 

r- n |52 ,, 

3-7 

... ( jr . 

4 ’ n th in. 

- ()-(Ki5 ,, 

1MM 

.. -.. ( ? r .. .. 

0 014 in. 

IMIJ5H 

0-2 ' 



wlien: is in rm. For ordinary armature sheet W 1-5 x -ID 4 , nt’d for 
high resistivity alloyed sheets siu li as SI alloy, tt 5 * JO 4 to (* \'10 4 , 

In reality calcul.itinn in tfr- ease of laminated poles ran do litllA mure lltau 
suggest reasonable figures i’blamed in good practice. owing |<< (lie mdfltfi- 
ruinate nature of the additional l<^ due to omliif l In-tween tile edges of 1 he 
lain illations. The possible effect rd tins is fontblv illustrated by an cX|H*fi- 
lUellt of Messrs. Adams, hiltirr, l*u|>e, ami Stllonlrv W fthnha loosening of tile 
U*lts com pressing tin laminations together red lord the loss to 7n^*-r tent, 
of its previous value 

In every oise when the field is distorted by armature re.n llnri under full loud, 
file e< My -current loss is increased. rd»t only i» the .uiuatinif birl also ill the 
; the amplitude uf tin* variation of Hie field is iniTwisii ill the 
c;is<‘ of a dynamo at the trailing edge, and decreased i<; ^ln; leading corner, 
but as llic loss is proportional to the soiiiin* ui I lie amplitude. llieie must lib 
a net increase in the loss. With a short air-gap and wide, open slots the effect 
is so great that the increase!i heating of tlie tlading miners is distim tly 
marked Messrs T. J 7 . Wall and S. P. Smith J fumicl af» UNTraM- in the eddy- 
currents in the pole-pieces r»f a* much as Sii'jht unl'lidwnsi no load and 
full armature current. « 

% i 30. RHy*fWq>ti due to (m-piilttlioi. - A further difficulty in the 
scientific calculation *''A the toss by eddy-currents lies in tin* tact that the 
measured results of experiment include tiol«»nlf (h* nWirs set up by ihc waves 
of flux Jl wee* ling over th<* pole-face (which, are alone Mipnilifed in the formula 1 ) 
but also those due tn " nux-pulsutu i M i.r. a pulsalion in (he magnitude uf 
the total flux throughout the entire magnetic circuit which may aJso Lkj set 
up by the teeth of a slotted armature. * 

With a small air-gap, \.e. with a Urge ratio v> v -l c , as flu? teeth and sluts 
occupy different positions relatively to tjie polo-faces at different timers in 


1 Cp. also B. <T Laminc, Trans. Amc^ Vol. .'W,p. 277, when-another 

empirical formula is given for laminations fl-079 cm. thick. • 

1 Ja am. i,| i,E. t ,r ol 40. pp. 579 a?d 593. 
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the |wri«l airrmponding to the pa^.igc of one tooth pitch, the totaJ permeance 
of the air-gap may vary wi tM conesj>Wing effect on the value of the total 
flux, - * 

Wtu;n ffir' po/ar arc is an exact inultipleof the tooth-pitch (casei, cp. Fie. 482 
o( Chapter XX VC winch show* ilk* A-lativc posituins &t 4 instants Burin# 
the period corresponding to twin toolh'Cyde), there are always at any time 
the same dumber of teeth immcd'aMy wider the polar arc, and also the same 
number of slots immediately initler the jmlar are (H out of 9 in the diagram). 
Thu change of the jiermcanu: is then mainly due to variation of the permeance 
pres< iiled to the fringe in the intrrpnlar gap ln j lw'«en 0a: pole-dps as opposed 
in the jx-rmeatice wrll under the pole faces which remains constant. When 
Lhr jMjIar an; is equal to (i whole number r h |) t'lnth-pitcHtei (case (ii)) the 
mimlKT of teeth under the polar arc vanes from x -f- 1 1 o x. From this fact 
it might lx? inferred that Jinx pulsation would be a maximum in case (ii). 
Hut furlI li t inspection shows that in case (ii) when the number of teeth under 
I In: polar are riqnuudirs from x -\ J to x, the numln'C of slots contrariwise 
increases from » to .r \ 1, and in addition two troth arc* adijr-d immediately 
nulsidr tin- polar edges. 'I he result is In equalize the total permeance more 
nearly lltuh might at first lx: expected. Oil the other hand, ill cist* (i), at the 
ends oT a pulo t;u:c there are at the liegimiing of tlu* cycle !! teeth and at the 
U'giiirung of the second half of the cycle '2 slots, talanml, it is true, by the 
nearer approach of ihe outer teeth to the'jiolo-tips. Illustrative casrii will 
lx? found worked out in Oiapler XXVI. Careful calculation of the total 
in-nuraiu'r with imurale allowance for fringing and slots fails io indicate 
wilh certainty any marked different r as holding generally between cast's (i) 
and (n) with dbferenl }irn(Hirluins of slot-width to Unit h-width. Jn eilfier 
case and with diHWeiu degrees of chamfering of tin- pole lips the variation 
with practical dimensions is only of (he order of I or i! per cent. Indeed, 
evpinmnl seems to show that, ii 11n-re is any general law, flux-pulsation 
throughout yoke and pole is more likely to lx- a mas j mum in ease fi) when 
tin? polar aic is all exa<( multiple of the tooth pitch. 1 

It* mly remains to adit lhal even when the tillx-pulsation throughout yoke 
and (►olr'.s a nmiinni'i), as Hu- lines alternately spring further ■ >ilt from the 
edgeS'ii! ihe pill-siloes and llu u contract inwards again, then* may lx? an 
appreciable Ihixpulsatnm in Ihe face layers of the (Nile shoe wit hi nit pulsation 
further ah mg tile poh- or through the yoke, ami theme may arise reluctance- 
pulsation loss iri the skin of (he pole finer, though not in the magnetic circuit 
Ks a w hole. 

Ih'uf, W. M. TJmnitun has shown that (here arr also distinct pulsations 
produced in tlu* held by mmiimlntiriji in a dire< tqmivni mar hi lie 1 j llieir 
frequency correspond* to the siloed ami immlvr of commutator sectors, 
and their amplitude is increased by anv causes which assist in producing 
sparking, as by coiuruulutiou m an unduly strong Arid alien thr* short cinVitt 
current net up Ul'llie Imijs under rmimulainni powerfully alfeels by its 
magnet izijig aiiijert'-liiriis (lie value of Ihe mam Iliav. An additional cause 
of p id sal ion in the value of the flux throughout the nil in* magnetic circuit 
j.s found id the ease of an armature con* which is not truly cylindrical, or of 
which the shaft shmopt li-mWpy towards whirling; in the former case the 
eccentricity of the armature causes a double frequency pulsation of the 
magnetic tins in Ihe Tn.Au magnetic cimnt. 1 Hut Mr. \I. H Field lias shown 
that irk such r ises of pulsation throughout Km* entire magnetic circuit the* loss 
liv eddy iiinvnls is noi likely Ip lx* large.* even in n solid pole nr yoke ; the 
magnetic rlfect does iir*t extend to any great depth fAtm the surface of the 
iron, so (hat only a thin skin is a fleeted, and the loss is not promotional to 
the volume and to the square of the frequency, but rallnr to the area of surface 
acini upon and to the square root of tlu* frequency. 

' Sec <i- W Worrail, fount I H E , Vol. 39, p. 2 17 ; and Vol. 411. p 411. 

* Jour*. I F.. f., Vol. :i;i, pp. 547 tind 558. t „ 

* Journ. I.E E., \vl *2. pp. 598 and 599; anti Vol 33. p. 547. 

» EieCtruiw. Vol 52, pp. 598 and 704. Cf. also Jount I.K.F.. t Vol. 33. 
pp. 584 and 588, and ^specially p. J125. 



CHAPTER XXII 

. « • 

THE DESIGN OK COXTIXl'Ol’S-Cl’KKEXT DYNAMOS 

} 1. Range el speeds-in practical use. The practical art of designing 
is a matter »1 striking a balance Wtwccn a variety of conllieting 
considerations, all of which are of importance in different degrees, 
and each of which will vitally affect the entire design of the machine. 
Thus a dynamo njist he efficient, yet at the same tigie it mast not 
be too costlji to manufacture ; it must lie comjucl, yet well veil* 
tilatcd ; thoroughly strong, yet not loo heavy. Any one feature, 
however desirable in itself, will, if carried to excess, have some dis¬ 
advantageous t'onstajuciicc in another direction, and he is the best 
designer who can rlhvt a series of Mill! promises such that, while 
each consideration is given its proper vfeight, none are forced into 
undue prominence, anil a design wclMtulaluvd as a whole results 
from his practised judgment. 

In the majority of cases, for a given output, the sjved of the 
dynamo may Ire taken as fixed : cither it is direi iK s|iceificd, or it 
is to a great extent settled hv recognized | trad i« nr ipn stioils of 
mechanical strength and duralnlity. Tims, to take the i^se of an 
ordinary rontinuoiis-enitent dynamo, it may in small sizes Ihi driven 
by r belt or ropes, but more usually in all siz' s it is directly coupled 
to the prime mover. In the latter ease the prime mover may lie 
either a steam engine, steam turbine, or less frergiieiitly a wafer 
turbine, oil or gas engine. When driven directly by a strain engine, 
the speed of the dynamo may l>c classifies! as high or low, according 
as the engine is of the enclosed type with forced lubrication, or of 
the open tyjie used for marine or mill work , 

Directly-coupled steam turbines in the largest sizes are confined 
to alternators, but for continuous-current outputs have been used 
up to 50t) kW and occasionally up to I'ktt) or even 21100 kW if the 
vpltage is not less than 500 fiOO. They have, liowever, so largely 
been replaced by steam turbine sets in^vhith flic dynamo is driven, 
still at a high spdfd, through reduction gearing, that only the latter 
combination is here tabulated. With modern helical reduction 
gearing the most economical speeds of both the driving and driven 
unit can by combined wi(h but little loss in efficiency and a saving 
in total cost. The speeds of dynamos driven directly byd^tge Diesel 
engines may tie taken approximately as Wing somewhat higher than 
those given fry open engines in Table XVI. Thus, although the 
speeds selected hy makers for different outputs vary sonsiderably, 
yet the measure of agreement is suflicien’ to enable a table to be 
, 227 , 
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drawn up indicating average values of the speeds for the different 
classes of prime movers, 

TABLE XVI * * 


-- r - -, 

SjKfi-iJ in revs, per mm. <0 continuous- 
current generators. 

Output in - - -----—,— - J -- 

kilowatts. Kiigi nr-driven: ; Lii^rr siies Krared-to 

' j steam turbine. * 


Kevs. p*r 
nun. of 
st ram 
turbine. 


j <Jpni. Kndiiseil. • Small *iies tx?ltKlriven. 


10 

1 »X> 


750 

10 

i <250 


650 

50 

j 300 


000 

100 

l 250 

P c 

^ si 

475 

200 

| 20» 

400 

300 

• 150 


350 

500 

120 

a. 

300 



C 




jj . 


1000 

HU 

y 

2fo 



i 



£ 


1500 

! 85 


200 


1500 


1200 < 


tooo 

7000 

H50 

6000 

750 

r 6000 

050 

6000 

600 (Sm vc>]t%) 

500 (250 j 

5(100 

550 (500 ) 

450 (250 .. ) 

4000 

500 (500 „ } 

‘350 (250 } 

3000 


Standard volta^o.s for omliminus-cwri'nl dynamos aiv 115, 230, 
4G0. &ml 525. 

| 2 . Determination dt necessary D*l. of armature. H has earlier 
been stated that the utility, cost, ami leading dimcnsiims of a machine, 
whet her genera I or or motor, are in the main determined hy the torque 
which it has to absorb or develop. If, thefefde the tongue is 
made the basis of the design for the jmrgs.se of settling approxi¬ 
mately the diameter and length of the rotating memls-r, the ssikkt 
method of gmieeAure can, ami should, lie em]>loyeil for all classes 
of rotating machinery. 

The useful torque, in terms of the special unit of " watts per rev. 
per min." (Oiapto? IV. tj 2) is quickly obtained from the useful 
electrical output of the generator, or useful meclianieil output of 
the motor, hoth exgiressed ill watts and divided,by the minder of 
revs, per min. But to-olnaiv the quantity corresponding to the 
total induced watts of the armature, there must in the ease of the 
generator lie added to the terminal volts the volts lost over the 
resistances of armature, brushes, series" Field winding and com¬ 
mutating -pole winding, and to the external current there must-be 
added the shunt current ; in Vhc <ase of the motor either these 
quantities must In' subtracted fpirn the volts and amperes of the 
electrical input, if this is given as a datum, or the same result is 
reached by taking file brake horse-power divided by the mechanical 




* design of continuous-current dynamos 229 


efficiency (including in this also an allbwanec fur hysteresis and 
eddy-curtcuts, both of which will make a call upon the armature 
conductors for increased torque). In each case Idr a given arma¬ 
ture current, the rate of conversion of energy from a tyechanical 
to an electrical form or vice versa Is '])ropnrlioiiaI to the induced 
K.M.F. 

In the continuousoirreilt machine, when slmnt-wound, the loss 
of volts over the resistance of armature, brushes, and commutating 
pile winding decreases from about 1(1 per cent, of the terminal, 
voltage in small low-sped machines to 11 ]xr tent, in large machines, 
and averages a Ik ujt 4 per rent., while at the same Ipne tin-shunt 
current dccngises similarly from S to 2 ]xr cent, nl the external 
current f,»alid averages alxnlt d jxrrent lienee H)4 I’, >: HI3/„ 
l (17 V,f, - /;„ /„. In the ronqiound wound machine the 
additional los-» ol volts over the series winding eounterhalanees 
the reduction in the slitint current, so that ill general in the con- 
timious-current generator the rate of*development of electrical 
energy or the induced watts approximately 1 I 1)7 V,i, 

In the case of the motor, th" rate ol conversion ol electrical into 

... . H • 740 , , 

nieehamcal energy is • r.,/,, where i;„ is .amicilung 

(/ m 

less Ilian the true meehauieal cHiciemy hr I In* reason mentioned 
above, but exceeds the over all or net etlicii'iiry which ulsmincludcs 
true electrical losses. ,\Tiw a second expression for tile total tqrque, 
V in watts p-r rev. [xr min., has already bceil found in 
equations (Sc) and (4«) of (liapter IV, !j 7 Hetiee the total torque 

T = Y* *,M». ■.«•/* '• 10 * 

7.^01. - 10" 

when, as is permissible in the continuous-current machine, Ixitli 
kj and k 4 are identified with unity. , 

Now for J/ may lie substituted nr. rrJ, where ac - Ibe ampere- 
cdhductcirs jxtr unit length of the armature ]*riphery, or per cm. 
•when l) and 7, arc reckoned iif cm., so tttat • 

x*I0‘* . . . (210) 

In the continuous-current machine, k is practically -- h% ratio of 
pip-arc to pie-pitch, and is a constant, say with commutating 

ff* 9 

pies = 0-67?. Tlience, k — 0-1II, and the possible torque 

W) • 4 » 

1 Only ft<ure* cuwnng a wide range arc (lore given, w M to 

illustrate the process of designing from n«t principles. 
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from a machine of given fPL becomes proportional to the product 
of the two terms, 1 B, „„ and ac, the one magnetic and the other 
electric, or ‘ * 

x io-» . . , (217) 

G IPI. watts ;ier rev. pec min. 
and G is the “ specific torque coefficient ” 

.-^-(HIIH.^.wxlD" . . . (218) 

If I) and I. are measured in inches and ac, is given in ampere¬ 
conductors (ier inch length of armature periphery,' while B t „ oc 
is retained in (‘.(i.S. hues per sip cm., approximately we have 
G 0-72 B u . «r„ 11)'". Hut if is also expressed in 

lines per s<|. inch, we return to ei|uation (218). 

s 3, The “specific torqu9 coefficient ” and its reciprocal.--Thus 
C is the specific toripie (iivtenns of "watts per rev. per min.") 
that can be obtained jx r cubic cm. or per cubic inch (not of the 
true volume of the armature, but) of the product of the square of 
the arm.V,lire diameter and the uxitil length of its core. Other 
forms for the same quantity may often he found, employing B, „„ 
or n.vs. per sec., or usetul output instead of total induced watts, 
but all come hail? in the end to the same fundamental relation. 

• - I W..V 

1 he reciprocal of tlu»xiicrilic tornue coefficient, or - - -- —, 

(j watts 

is also often used, and mav lx- described as the " size coefficient ” 
of a machine in relation to its specific torque, since it is the number 
of cubic cm. or cu I lie ms. that the D-L of tin" 1 armature must give 
for each wait per rev. per min. for herniate comparison <>i 
machines when, as in a turbo-alternator, the air-gap may he large," 
the diameter in || l( - centre of tHc air-gap should lie considered as 
one of t(ie two crucial dimensions, but practically, in continuous- 
ninvnt maebines. it sultices to take immediately the diameter of 
the toothed armature. 

| 4. The importarffce o! W-/., livery armature core, therefore, 
of given dftiuetrr and length is to fx‘ regarded as being able to' 
develop a certain lorqtfr, either resisting or driving, which in the 
former or generator case must’ lie overcome by the prime mover 
and in the latter case will drive it as a motor. The values of B, 
and ac will die pushed up to the maxima that experience has shown 
to tie advisable for its diameter from considerations of heating, 
sparking, tooth saturation, and reasonable cost of nipgnet iron and 
field copper But this done, there is a certain specific torque 

1 Si:met]Tier rrterrut to W4 ” the sjxtcifii: magnetic kid electric loadings '* 
of a machine. , 
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procurable from each cubic cm. or inch ot its IPI. The importance 
of this quaiftity simply arises from the farts that with the assumed 
valufc of B, m0I and ac 

total flux oc ir/>/. - i 

, total ampere-comluctors x rr/J. 

The torque*Ix-ing proportional to flic pruduei, flux a umpw- 
ronductors.il therefore propirtional to tr so long as the same 
limiting values of II, and at hold good. It wilt hr notf'd that, 
there is no reference to the number of piles, the nature oi the arma¬ 
ture winding, tile Volt age. or the speed, all of wliirhamly introduce 
secondary effects that do not affect the validity of the relation 

* watts p-r rev. p-r min. or /)-/. 

as a preliniinagy generalization for all mat liincs If by an increase 
in the diameter the manlier of amp-re-eotlduttois per pole exceeds 
the permissible limit or the pole-pitch becomes too great, it is 
assumed that the number of piles is t oi ■ cspmdingly increased. 

5 5. The specific values of /f, and ac. The sprilic values 
of B t B „and of ac, as already explained in Chapters XIII, is .'19, and 
XIX, i 13, each tend Iowards a certain ni.iMooloi \aluc 1 Ji.it cannot 
he exceeded even in large machines, and each falls nlf greally ill 
machines of small diameter, but. over any moderate range gif output 
may lx; treated as constant. In the toothed a?mature of the 
continuous-current machine, internal to the piles, the flux-density 
at the roots ol the highly lap-red teeth in small machines limits 
I lie possible value of /f 3 umI „ since for each value of H, there must 
lx- a corresponding width of tooth to carry the flux of a tooth-pitch. 
Further, for the same reason, there is a limit to the ptssible increase 
in the depth of the slots to receive more amp-re-condiietors or to 
increase their area of copp-r and so reduce t'lgir heating. Hie 
two values of B, ami ac finis heroine in I Ik- smaller machines 

mutually dcp-ndciit, and one ran only tie increased at tltc exp-nse 
of the other. 1 “ 

, In place of the spsilic quantities ll t and ar, we may 
alternatively consider kH t . trlfl. *, 2f> . ‘f a or tin: total flux, 
and ac . nI) — life total ampereconductors. When* curves are 
plotted from many.actual inachinA for each ol those quantities 
in relation to watts p-r rex-, f: :r min . they are found to pissess 
a very considerable degree of uniformity. 2 In prartirc, the total 
flux and the total anipcm-conducton fait It increase ny#e or less 
sirailarly. at? might naturally be expected, i.c. each increases as 
the square rc#t of the torque. When plotted as ordinates against 

• • » 

* See ] C. Mac. Jar lane and 11 Utirge on " 1 Jut put and Kcnitiimy Limits 
of Dynamo-ciectric (Machinery," Jourrt. IFF, Voi. 4%. p 235. 

1 For 5ii[Vi curves, see F Gntdjj^nmlt, /guru. I F F, Vol. 4(1, p, 457. 
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the machine torque as tbscissa, each curve would then be a 
parabola with its axis on the abscissa axis, 1 and in fact such is 
roughly their shape. By the use of such curves a provisional 
settlement of < I > , and of Z — ac.-nDjJ could be made, but the 
values of It, and ac arc' even more reliable guides at the 
outset. 

Approximately the average limits of these in centimetre units 
may lie given as, say,, 

■ Armature'diam. , W, „„ X ac 

5* S550 X 180 -I, x in' 1 

* SO* dr over 9500 x 330 r.-. 3-U x 10 6 

Or with II, „„ retained in (MI S. lines jx-r sq. cm. and ac L reckoned 
per inch of ]»eriplicry, the values of the two limits are 2-54 x 10" 
and 8 X lit*. If /(/„„, is itself in (\ti.S. lines ]x;r sq. inch, the 
values arc 164 .< 10* ami 51 -5 x 10*. <- 

l 6, The value ol ft.—The corresponding values of ft are then 
in centimetre units 1 11 x •'O’* and 35 x 10’ 3 and with ac, per 
inch, 183 x 10* and 575 X 104 Thence 
the watts jvr rev. [*t min. -■ from 0-0()l 11 to 0-0035 ]x r cm. 3 of 1> : I. 

from 0-0183 to 0 0575 per cubic inch 

i of I) *£, 

1- * * 

Or cntivuncly 

■nilxc cm. of I) 1 !. 900 to285 per watt per rev. per min. 

cubic ins. of /J 3 ,/., *-• 55 tu 17.5 „ . 

But though the value ol (1 thus increases and that of its reciprocal 
diminishes as the size of dynamo increases owing to the better 
utilization of space possible in large maeliines, they quickly approach 
their maximum and minimum value respectively when the size of 
armature and tlip i watts per rev. jwr min. rise from quite smltll 
values. An average value of 85lJO for /)„ and of 300 ampere¬ 
conductor^ |H-r cm. of armature juriplmry thus holds for a large 
range of moderately large, toothed armatures with commutating 
poles. 1 ' 

With goexj design, under ilavouraWe conditions, surh values as 
itro shown in Fig. 404 should be reached, commutating poles being 
presupfxjsed and 1 horougldy goofl vcntilutiun in the larger (nachines. 
Component values for the separate factors in the product Ii f maz ac u 

1 Fleclr. Vot. SI, p, 4t» 

1 Por values of tlu* product ac . R f in relation to £>■/',* stc c the curvet f io 
the above-quott-d paper of Mrssrs. J. Macf ulfliu: and tf. Burge. For average 
machines of large sire, they give or, B g - 3-2 X 10* in cemimetre units, 
whence the dimensional torxpie — Q05*>watts per rev. per min., or with ac s 
reckoned per Inch. •- H I X 10*. which may as an aid to memory be 
conveniently divided 4ntu =* 9000 and ac ^ 900 tampeEe-conductor? 
per inch. t 




Fig. 404.— Spec ilk* t"r<jue cnettirient and met covlfloicnt of continu^n^-cjrrrist *lvnanv*«» 
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corresponding to Fig. 4(14 arc indicated in Fig. 405. 1 Further, 
if experience suggests the taking of a lower or a higher value of G, 
the values for the ordinates on Fig. 405 for thb same abscissa as 
on Fig. 4|)4 serve to indicate suitable starting points for calculation. 

§ 7. Division of the product D 5 /..—Although by the use of such 
a curve as Fig. 404, an approximate estimate of the requisite ‘D‘L 
for any given output and sliced can quickly be obtained as a start¬ 
ing point for design, tjic division of the product into its two com- 
punufds, I) and f,, is not prescribed. To make this division it is 
ilecessarylliat the ml ml nr of jxiles should lie settled. 

A limiting (Value of 300 anijieres ]ht brush, arm will only be 
exceeded when otfirr conditions render a long and expensive com¬ 
mutator ini|X’ratively necessary (Chapter XII, g 17). Adapting this 
value then as a normal maximum, the numlier of brush arms of one 

sign, or of pole-pairs will he , and trial should first tie made 3 

with /> IJ'M K), the next greater whole numlier being taken when 

the quolieul of /„/3(l0 hasa'fairty large fractional remainder. 

From considerations of an economical section for the pole, an 
average value for /, in tln< rontiimnns-currrnl machine has already 
been laid*(low'll in equation (107) Chapter XV, § 17, as I. -- 0-75 
‘ irDI'lp. Inserting this > nine 

. J>' «V(/«•) ; . . - (2i9) 

and from (lie known value .if ft 3 /,, the diameter and thence the 
length are hulh iimnediately determined. 

Thus ‘with the niinimimi of labour a provisional starting [mint 
is obtained from lirsl principles and without reference to other 
designs or machines previously built, but‘the dimensions will still 
require tu lie clicked by simultaneous consideration of fivo 
important factors in their mutual relation. The first of these is 
tlie peripheral velocity, and the second the length of core. The 
former in the |>nsen e of a 'aimmutator should preferably not exceed 
3500 to 4100 feet |ht min .! if therefore it works out too high, t|ie 
core must be lengthen'd. Is, on the other hand, it is low, and the 
length of chit exceeds 15^ m. or 40 cm. (Chapter XV, jj 17), the 
diameter must lv iiiriVased.* and this incrrj&c, if considerable, 
should lie accompanied by an itu rgasc in the numlier of'poles 

But though the procedure as first described will bavp secured a 
more or Jesg square section for the magnet jiolc-corc—reasonably 

1 Under Ihe favonnihle conditions assumed. B v fflax amt v,. and especially 
the limner, ran be made to approach, their Umitma values more rapidly than 
was indicated in the more general sac's of Kirs 003 and 331 in relation to 
armature diantetrr. and the present carves are theiefnre more square-cornered. 

* Or to eliminate (the fr'pole machine which tor rkvsnns ‘explained In 
Cbnp. XII, i 17 is now seldom built, we \ ■ crtit say p - ( l m ; 400‘ 1 -e I, 
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economical in field copp«r— the number of poles obtained by it 
has l)een dictated by values of commutator length and of /, such 
as are not usually exceeded in practice. Further, the simplex 
parallel-connected lap armature winding with a — p, as recom¬ 
mended fit Chapter XII, § K7 (1), has been mainly in view. Thus, 
although the division of I)*I. which results may succeed at the-first 
trial for large machines at fairly high speeds tile number of poles 
wilt often require to be modified for other reasons, and wilt then 
in tiujj dictate the last armature winding to employ. 

• In (lie first place, as explained in Chapter XII, fj 17, when /, does 
not ety'oed about 3(H) amperes, | he 4-jxile magnet with its appropriate 
ratio o( I. to P will be adopted, and will probably lea^l to a simplex 
wave-winding. Next, apart from this very usual case,, machines 
are often required ill which with a comparatively small number of 
aiiqieres the watts jier rev. jvr min, and the D-l. are large owing 
to the speed being low. In such rases, the previous rule for p based 
on 31Kf amjieres |» r brush arm wilt lead to less than the permissible 
minimum number of poles for the diameter, with too great a pole- 
pitch making the magnet unduly heavy and too great a length 
of armature cole both must then he reduced by ail increase in 
the nutnl«T of poles ami a rnnseqilint increase ill the diameter 
.(assuming this to be admissible), until such limiting values as 2t) ins. 
for the pole pitch and fti ins. for the length of the armature core 
(Chapter XV, tj17,*C«<f) are reached. Tlu values of J and of the 
cftmiitutntur sector-pitch (Chapter XU, $ 17 (3)) may then become 
too much reduced if (tie single-turn lap winding be retained ; vravc- 
lyiudiug will therefore tie resorted to in preference to lap coils of 
two turn;, and if the reduction of the iiumlier of pairs of armature 
jxiths from p to i/ 1 is too drastic, an intermediate value is found 
by the employment of a multiplex wave-winding. The value of J 
can thus again Ix^brought hack to some average value lietwefii, 
say, 100 150 amjxTes, with an intermediate and reasonable length 
of commutator. Lastly, it may be that a magnet-frame of appro¬ 
priate IP), but witf) more.poles than are necessarily required by 
the current per brush arm is alone available (Chapter XU, tj 17 [b)) ; 
the division of 1PI. is then prescribed to the designer, and the case 
is again met m a similar manner by the use of a multiplex wave- 
winding. ■ g 

Hut in all eases when the tins! choice of the two dimensions for 
diameter and lengtli of armature core remains open to the designer, 
considerable, latitude may l>c pi- rm it ted to the exercise of his 
judgment. The assumed values of B, and ac. i.e. of G, must give 
the required product of I PL, bill within certain limit£.the relation 
lietwccn D and L may lie varied yrilhout greatly affecting the cost 
or efficiency of the machine, alt hough,, as a genera^ rule, as small a 
diameter as is practicable is to be preferred. Hence in the technical 
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office of a dynamo factory reference will beimade to a list of standard 
armatures, pr at least of standard diameters of core discs, from which 
armatures of different lengths may Ire built up. After a number 
of machines have been standardized, a table can be drawn out 
showing the maximum value whicji the torque expressed as 

Vy-tttS 

-— has for each of the standard armatures in continuous 

revs, per min.. . * 

working undet average conditions of voltage and speed. 

} 8. Secondary .considerations affecting the watts per re*p per 
min. for each sine of armature core.— Hut wliUher in the use of any 
such tabic or in Outvalue taken for C from such a curve as that of 
Fig. 404. allowance must be made for the disturbing effect of certain 
secondary conditions which prevent the watts jvr rev, jkt min. 
of any size of core from being strictly constant, when the same 
permissible rise of temperature is assumed. These are mainly 
the speed and tile volb'ge. With regard In the first, it is evident 
that if the revolutions are exceptionally high, the eddy loss will 
assume such large proportions as to limit decisively (lie jxissilde 
current that can lie carried by a given winding mi the armature. 
Although this is to a certain extent countertialanred by tin- increased 
cooling due to the high {xrljilternl speed, yet oil the whale if the 
speed he high the watts per rev. jxrr milt, for a given I)-I. or size 
of armature core must he slightly reduced txlow the normal 
value for medium s|xieds, or conversely iviljn very low* s|x-eils 
may Ixi high. Hut most important of all is the influence of the 
li.M.K. A high voltage implies a large iimnber of active con- 
doctors with an increased thickness of insulation, the [xri outage. 


loss of space in insulation is therefore much greater than no low- 
voltage machines,*an 1 the watts |x;r rev. (XT min. are reduced. 
IT the amperage is sntfDI, round wires may be necessitated, by 
which the ratio of the copper to the available area is very largely 
reduced as compared with the satnc ainialine wound with rert- 
angular bars. In a small multi polar toothed marlone with round 
wires the ratio of the cojrjxT area to tin- urea «if the slot may sink 
to as low as 0-25. In a low-voltage nfu him-, Nay, for lit) volts 
wflh rectangular bars, the ratio rises, from *1-35 for small imt- 
•puts at low s|ve<l* to 0-55 fftr large oftlpuls; Iml hefe again, if 
the bars liecome vciy thick, it may lie nfalsiry ti> limit the num¬ 
ber of bars*per slot to two only jn <t»der that the width of opening 
may not be too great, when the ratio again sinks to (MS. At 250 
volts the ratio for normal speeds and outputs of 40 to 200 lylowatts 
ranges from 8-4 to 0-52 ; while at 500 volts it rises from 0-25 in 
very low-spcqjJ small machines witii round wire to 0-3 in small 
machines of 50 to 80 kilowatts aW moderate speeds, and to 0-5 in 
machines of 500 ’ ( i l 500 kilbwa tts. The combination of a low speed 
and a high ybltage is therefore unfavourable* andMhc loss may more 
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. V 


than counterbalance any gain derived from the first-mentioned 
cause, so that the value of C or of the watts per rev. p$r min. will 
be on the low,side. 

5 9. Examples of design.— Good practical designs being now 
availahlf to the reader in many excellent books, 1 it will only here 
be necessary to consider in detail the design of two dynamo^ one 
a small machine with discs keyed (Erectly to the shaft, the other 
a larger machine with hub construction, 2 for the purpose of illus¬ 
trating the application of the principles and methods described 
in the preceding chapters. 

Tlyr calculations are arranged schematically in the natural order 
which the designer can follow, so as to reduce to the minimum 
any need for cliiss-refercnce, checking, and subsequent correction. 
Provided that it is known that the chosen values of /i f „„ and ac 
are such as are suitable lor the given output, the armature winding 
can hi: completed together with the calculation of the ampere-turns 
for the magnetic circuit as far as the pole-faces. 'Die heating of 
the armature can then bet.cheeked, leaving the completion of the 
calculation of ttic field anqxirc-turns and field winding to be sub¬ 
sequently resumed. Many of flic calculations here carried through 
would n#t be necessary in the light of previous practical experience 
or data of previous designs: they are, however, added for the sake 
of completeness ill our typical examples. 

Lastly, although ordinary slide-rule jccuracy is presumed in 
the talciilations, it must he understood that the data and methods 
employed often do not warrant oven so much accuracy. The 
.reason for assuming such definiteness is that in a large measure 
when Ihe results of one calculation arc again list'd for a further 
calculation, the slide rule itself automatically* takes care of the 
degree of accuracy that may reasonably be expected. When tlic 
last significant figures are omitted or rounded oft, there is' a great * 
tendency for the'omissions or rounding ok to lead the designer almost 
unconsciously into a comparatively large cumulative error on one 
side or the other. Any margin that safety may require is far better 
added with the avowed pib pose of securing a margin at tin: end of 
a rigid calculation*'rather,, than piecemeal at any intermediate 
stage. ' * * 

| 10. Design of dynamo to* $5 kW at WO w»i per min.— Suppose 
that it is required to design a"shunt-svound dynamo with toothed 
drum armature and commutating poles to give SS k\V at 230 volts 

V 

> Sec esfSec tally fW. Miles "Walker. The Specification and Design of Dynamo- 
electric Machinery; and Dr. S. P* Smith Soles on Theory and Design of 
Continuous-current Machines, p 36 

• liolh on drawings kindly supplied by Messr*. W. H, Allen, Sons 
A Cu.. Ltd., Hc<lli>rd. Put for the calculations here act forth, including 
outputs, coefficient* etc,, tin writer is sulei/ resp msible. 
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when directly coupled to a steam engine running at 400 revs, per min. 
Then proceeding from first principles 1 


Vo(Js 
Amperes 
Kuowatts 
Hfvs. per min. 

Induced witts .per fev. pur mitt. 
_ 10' s 


• 


■07 x 55,000 
400 


230 
239 
• 55 

400 

approx. 147 


G ”= 0-72 B„ , F14 *ac„ X 
from Fig. 405 


. >H>43 

• . 8650* 

«. „ ... , . f»o 

in djbic inches -- 147/0-043 3420 

No. of ppk-[Kiirs= (/„/300), --- 1. so by (hap. TvXl 1. ij7. say. 2 

7. = 0-75 ir/)/2p ^ 0-589/) 

/). J - 3420/0^89 5800 . 

// == 18 ins. « 10-6 ins. 
l’eriplicral velocity =--■• 1885 ft. jx*r min. 

The peripheral velocity is low, so Hot it will he assumed that 
the nearest standard 4-pole frame has dimensions as under — 
Diameter of armature 19 ins. 

Over-all length of armature core • 10 ins. 

Armature Winding. * 

.... , , , ," . „ • 7r/l .690 x SfMi 

With simplex lap-winding. 7. - , . ,,,,,,, 

678, * 

a provisional addition of 4 ani|X-ri-s Ix-ing made to the external 
current to allow for the shunt current. * 

No. of commuTatXr sectors, 
with single-turn loops 338 
{Commutator diameter, say, 11-75 .<19 ■ l4-2>>ins. 

* 3-14 14-25 * * 

tommulator sector-pitch, -— IM32, This* is less 

• iXKl 9 

than the minimum permissible, so thaL>2-tiini*lap coils would lie 
necessary with C —about 169. In preference to this, by Chap. XII, 
t p. 254, will lie chosen single-^urn coils face connected, and a 1. 


•=. 6‘x 243/2 


■ QP 

(53). 


cs;p 


With 6 conductors [x-r slot, 3 abreast, ac ncr slot 
730, Hence, by I-i(J,373 c t an lx- mdUe For a 
must have a remainder of 1 / 2 , 4 * in?e by equation 

* ■ cS a 35 4- 1 

y, = -r ± z = ■ - 1 . * 

. • P P 1 

• 

1 Even though watts per rev, pt^ min. Are Its* tJiaii in tile 21 * x II” 
machine of Chap. XVI, $ 9, the pn^senu: of tfw commutating prjks ansi coa' 
sequent shorter air-gap will tenable Inc values of /?„ and ai to her 
appreciably higher \fi the present tpacJiinc. 


1 ytacJ 




continuous-current dynamo, 19* dia. x )o* long. 








* 





Fig. 407.— Four-pole tieid magnet of 19*x 10" djmnw. 
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must be a whole numbei*; further, 35 must be about 169. The 
nearest number to 169 which is a multiple of 3 and leaves as 
remainder 1/2 ts then 3 X 57 = 171. Hence a 


y.= • - 

y 

y, = 

s = 

c- _ - 

Z-U^4y t h 2 - 

5/2/> - 57/4 - » 14 25, and y„ l --= {y, 1),* --■= 


. 85 

as 

57 

171 

342 

14 


Average volts per sector, 2 p . V t jC -- 4 x 230/171 5'4 


Slot-pilch, /1 (3-14 x 19)/57 --- 1-045 ins. 

Slot dimensions, 1-625 ins. deep x 0-44 in. wide. 



Lt&tr ofmvaaiu 
lOffT 0/M**(2Ic 


at top 
at centre 
at root 


Pilch v] trtlh. 

1-045 

0-957 

0-870 


H'tflA oj tjjtk. 

0-605 

0-517 

0-430 


The voltage being low, out of three 
conductors abreast only the central one 
need Ini taped with a half lap, the 
other two within the slot being taped 
without overlapping ; mi the average, 
therefore, it will suffice to deduct 
0-020 in., or, w-th some additional 
margin |ht liar, (1-025 in. in equation (81 >, and the same amount 
inequation (82). Hence - 

Thickpess of conductor by equation (81) 


Fig. SDH. SodlKft of slut. 


■t =■-. i((l-44 - 0 075) -0-025 =* 0-095 in. 

Binding wire sunk-into shallow grooves 0-065 in. deep in the core, 
no wooden wedgesthin yress-spaha strips, 0-02 in, and 0-01 in. 
thick. Total deduction from h t — 0-1®) 1- 0-065 (- 0 03 -- 0-255 in. 
Hence— ■ 

Height of conductor by equation (82) 


1(1-625 - 0-255) -0-025 = 0-66 in. 

Area = 0-66 X 0-095 with slightly rounded edges 

a 

— say, 0-0615 sq, in. .. 

Resistance of 1000 yds. at 20“ C. (68“ I-’.) = 0-02445/0-0615 

- 0-398 ohm 




bESlGltOF CONTINUOUS-CURRENT DYNAMOS 243 


Length of axial projection at either end by equation (83) 
14(0*87} (0-45) a , . 1.625 

1 2 v /, 0-#7 m — 6-4S 1 f 8 


1 X 14 (0-957) - 6-7 ins. 


2 

?-68 t 1-74 


*5,' 


Length of \ complete: end-connexion by equation (84) 
l' -2(V67‘ i 3-68* } 174) . = 18-78, ins. 

Length of a hall loop ■-= 10 |- 18-78 28-78 ins. (ifi yd. 

R a hy equation (§4) = J (342 x 0-8 0-000398) .- 0(1272ohm 

hot, with 39 3 C rise -. 116 \ 00272 * 0-0315 ohm 


/„/?„ ■ 243 x 0-0315 


7-68 volts 


Slagnttif- circuit and inUrpvlar ampere turns. 

Effective radltll depth of n'rmaltire core Ik- low slots 3J ins. 
Two ventilating duets, each { ill. widi;. 

Double section of core, 2 h c !., - 2 • #8-375 - 0-9(10 1) 

- 54-6 si(. ins. 353 sty cm. 
l’ole-si I in’s 0 |K'!iillg out towards their lips. 

Single air-gap, increasing from * in. to J in., 

mean length f„ jj, ii> II-I8V5 IH77 nil. 
Polar angle = 61 Ratio to p ile-pitrh,/f (M577. • 

Polar are at centre of gffip. .4' jjr(ISH875) v 11-677 10 ? ins 

Pole-pitch on armature surface Jtt x IU 14-8 ins. 

Polar arc „ „ „ 10-1 „ 

4 8 „ 

Commutating pole 'ace width 15 ,, 


Two intcrpolar gaps 3-3 

Half of one interpohir gap M’.vd-n main and colnimitaling [sole 
of opposite sign, c ----- 0-825 in. 

cjl, = 0-825/0-182 - 4 S3. ‘ y - HX 1 ". By Pig. 253, A,« 2-2. 
JSctwccn main and commutating pole of the same sign, using 
Fig. 254, A, - 2-8 The mean value %ir IxitTi strijis may there¬ 
fore be taken as'A, -- }(2-2 + 2-8) - jJ-5, . * 

A‘ + A,/, = 10-2*4 2-5 x 0-1875 = ' ’ 10-67 ins. 

Axial length of pole-face, I., ■■ 9-5, a - j in. 

ajl, = 025/0-1875 = 1 33. By Fig. 254. A, - 1-5 

wji, = 0 5 /O’1875 - 2-67. By Pig. 2,56. A, 0-36* 

L, + A,f,-A, w, n, = 9-5+1 -5 X, 0- 187S 0-36 « 9-42 ins. 

. Effective arta of air-gap, by equation (113) 

.= 10-67* X 9-42 x 6-45 = «8 sq. cm. 
ajt, = 0-44/0-1875 = 2-34 

= 9-605/0-44 = 1-375. *By Fig, 262. A = 1-155 
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AT, = 0-8 B, m „ X H$5 X 0-477 - 0-44 B, „„ f 

a 6000 . „ I 6000E, „ • £ 

t -,X JF X0XE^- X X101= 8-77 w y w 

To allow for the govern#, iange, say 

no-load speed = 405 revs, per min. 
futt-lcfad speed — 395 ’ „ „ „ 

At, no-load, <I>„ — 8 77 x 23U/405 = 4-99 megatints 


1 Allowing 2 Volts oyer brushes and 3-3 volts over commutating- 
pole winding, /;'„ -- 230 -(• 7-66 -}- 2 f- 3-3 = 242-86. 

Hence at full-load, <I> a - 8-77 X 242-86/395 = 5-4 mcgalines. 


Inttrpolar ampere-turns on main magnetic circuit. 


O, in mugalim-s 

No-load. 

,4-99 

Bull-load 

5-4 

« - 

7700 

8350 

0-44 /!„„,„ -AT, 

- 3385 

3670 

Q (p. 501) 1-045 x 9-42/8 1 = 1-22 

y'jp. 502) 10/8-1 -- 1 235 

Q ^ 1*0 nil r -" 

9400 

10,180 

Unconfclcd density at crown of Louth, H n ‘ 

Q - {1 , 

15,500 

16.800 

CUrrcgtcd, say, 0-85/1,,* 

13,150 

14,300 

at, ' » 

8-4 

13 

l In corrected density at centri-, /!„’ 

- Q ■ », 

18,200 

19,650 

Slot-ratio, A’,„ (equation 117) 

« (V-9S7 x 1-215/0-517 -- 2-285 

Corrected density at centre, B u a " 

‘ 18.000 

19,400 

<>l,t 

100 

188 

a, X 10r" ( , 

Uncorrcc.tcd density at root, /!„’ 

“ (i- B, « WJ r/u , || 

Slot-ratio, K . s • -0-87 x 1 -235/0-43 = 2-5 
Corrected density at root, 4 /!,, — 

0-2 

0-4 

21,850 

23,700 

21,100 

22,200 

u, X 10 8 1 e 

0-85 

1-5 


1 210 

393' 

1K + 4I ‘ * 

54 

100 

l,j2 ---- 1-625 x 2-54 x 0-5 = 2-06 cm. 

264 

493 

By equation (119) ’ AT, 

B, = V a /;153 

= 540 

1018 

14,100 

15,300 

at =» I • 

12 4 

23-6 

1,12 — 3$ ins. x 2-54 — 8-9 cm. 

' -AT, 

= 110 

205 

AT, + AT, + AT, = \ AT, 

=' 1040 

4890 
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Heating of armature. ' 

/.»/?. - ?66 X 243 . « I860 watts 

• t 

Volume of iron in teeth — 0.517 x 1025 x 57 
' X 0-9(10-1) « 38H rub. i*s» •=-- (1,350 cm 3 . * 

Mean diameter of core below slots — 15-75 3.375 
• , * =••• 12-375 ins. 

Volume of iron in core = 12-375 x n >: 2-54'x 353/2 

- 17,-rWcm*.' 

Frequency,/^ ^,V/60 — 2 x 400/60 - 13-33cycles t 

per sec. 

For fl. =* 15,300 and H„ -= 14,300, 
joules per cm 1 per cycle bv l ip. 215 may be taken 
for both core aqd twill as h == 0 00147 

Hysteresis loss by equation (97) 

— 0 (10147 x 13-33 x (17,4211 | 6350) ^465 „ 

By equation (210). I9 l (5 x 8-35- • 10 

f- 12 X 4.(185=) ... ll)-w 0002.59 
/23.7(H) I7,(KK)\ J _ 0-44 >. 1(125 

^ 1000 / X 571 X 343 - 

■: 10 10 0000345 * 


80 


1000 / ~ 
x Id X 191 :< 0-187.V - 
F -■ 000259 t 0-000345 
FN* ■■■■* (HK1293 x 400= 

Total loss in armature 

Cooling surface, eiit- r, 3-14 y. 19 x (H> » 115) 
inner, com-cted, 3-14;- 12-8 • 11-5 


470 

2795 

1280 sq. ins, 
4 HO „ „ 

1740 .. „ 


At peripheral velocity 1990 It. per min. k i' C. /.SjW 
21-5 by Fig. 399. , 

Surface rise of temperature bv llnniimneli*, 

» , • V’ - 2V5 •- 2795 / 174 ( 1 - 34 - 5 ° C. 

* • • • 

Completion of magnetic circuit and fold gmfnrc-tmm. 

Cast-steel [Kjle-eore 6-5 ins. wide ;< 9 ins. parallel to shaft with 
comers rounded to I in. radius 57-64 sq. ins. - 372*sq. cm. 

Double sectfon of cast-steel yoke =-- 61-5 sq. ins. 396 sq. cm. 
Laminated ptile-shoes, 1 in. deep. 

By equation (123)— * * 

8x24 +9 + 2-25 x ^1 + 0-66 .< 19 * - 61 
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To check this— t 

(1) Between the tips of the pole-shoes of a prAin and a 

commutating pole , » 

— ‘2-54—^* — x 2 )< - 13-4 in relation to 2 AT, 1 

(2) Between the flanks of the pole-shoes, partly for flux from a 
main into a commutating pole and partly for flux from a main 
polc^shoe to a main pole-shoe of opposite sign 

* ’ , ' , ' ir X I + 1-8 , 1 

if, =- 1-86 x 1 x log - 1J4 x 4 x ^ , 

I HG X 4 x log" X - - x< = 1-63 f 6-25 7-88 



Vic;. 4ll$>. Calculation of lr.tk.ipc [HTiiirdr .it*'iriwii pole cure. 


(3) Between sjdc of pole t ore and yoke or commutating peje by ■ 
Fig. 409 


’9 

X 2-06 

X 

4-8 

i 

4-22' 

SdJS 

9 

X 1*7 


3-25 


5-7 

X 

5-25 

9 

X 1-59 


2-625 


54 

X 

5-25 

9 

X 1-75 


15 


3-5 

X 

5-25 

9 

x 1-27 


03 \ 


1 59 

X 

5-25/ 


= 10-2 -f 4-SS + 3'37 + 3-26 1 04 - 22-42 
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(4) From the flanks of a main pole tore 
(«) iota the flanks of a main pole of opposite sign, 


* ■ *rr X 3-25 4 12-7 

1^86 x 3 x log ( „ 7 X 4 / 

5-25 
- 5-‘’ 

5-75 

(6) into yoke (Fig. 409), 

* ► 27 

by Fig. 271, .sin i, - V l-91«4 2-7* 

0-818 

n in circular measure — 2-19 


2-54 x ^ X 

575 4: ‘« 


• 

• 

;j, i 

9-5 


if -= 13 4 4 7-88 | 22-42 
assumed. # 

t 9-5 --- 511-2. A 

ili.pl 61, a 

is allow 

<h„ in megalim-s 


4 99 

5-4 

<f> t = 1-257 ;< 2.4 7, ;< 61 

■— in illegal iin-s 

(1-62 

075 

K - *i»« i 4>> 

• 

5-61 

6 15 

Il n <F,./372 - 


15.100 

16,500 

«l„ I’y tug 207 


16-5 

32 

(„ -v 7-5 ins. : 19 cm. 

AT,,, 

313 1 

610 

D, - <i>„/396 


14,21 Ml 

15,500 

a/ t by Fig. 207 


12 . 

21-8 

f,/2 12] ins. 31* cm. 

AT, 

382 

696 

AT, 

4040 

4890 


AT ]ier jioh: 

4736 

6196 


say 

4760 

6200 

Field magihi winding. Shunt, 

. Sectional vrhlilaii'tl. 


Length of bobbin Ixitween 

flanges 


5j ins. 

Two sections, divided liy j in. air-gap, and A in. 

air-way 

between coil and jxile. 




Net winding length 

• 


SJ ins. 

i Depth of winding with insulating wrapping, 

1} ins., net 1| ins. 


Depth of winding with insulating wrapping, tj ms., net l| ms. 
Length of mean turn, 2(4-5 4 7) f 'hr .■ 2-2 

- 36-8 ius.*^ 102 y<l. , 


Length of outcr*turn, 2(4-5 -f- 71*4 2irV 2-9 - 41 2 ins. < 
Ketaining 3 volts in rheostrt oti full-load, as a precautionary 
margin in, case of need, exciting voltage per pole 

1 ( 2 ^ 0 ^ 3 * = 56-75 

By equation <124) 6 , , 16 = 774nhinsat20«C. 

By equation (126) d .= 0-178/V/74 = 0-0634 in. * Tliis is so 
close to No. 16 d.W.G. = 0-074, that that gaage will be chosen. 
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increasing slightly the rnlgin of volts: when singh<ottan<o vend. 


ef { ~ 0-07 in.. to '= 7-6 ohms. 4 

Turns per layer, 5-25/0-07 — ' ’ ■ * 75 

No. oWayers, 1-375/(0-9, x, 0-07) = say, » 22 

Turns per jxik -- 75 X 22 =- ,1650 

Total yds - 4 x 1650 x 1-02 •= ■ . . 6740 


H at 20° C. r. 6 74x7-6 -= 51-1, hot -= 51-1 X i-16 = 59-4 ohms. 
I, a 3-76 a.tijK’ivs. Exriling volts - 223 : 7 volts to be absorbed 
in rheostat. 


ifti, = B-fi), [xjr pole = 210 watts 

Tooling surface of one foil 

= 41-2 x 5-25 I 36-8 x 1-375 x 2 = 316 sq. ins. 
ft C, x SJW at iieriplieral spuud of 1990,11. per mm. by 
Fig. m 49. 

Surface rise, r 49 / 210/316 => 32-6° C. 


Un no-load, I, must be 4750/1650 2-88, and the resistance of 

the shunt winding and rheostat, 230/2-88 -- 80 ohms. When the 
shunt is cold, the resistance of the rheostat must be 80-51-1 = 28-9, 
say, 30 ohms. 


Commuhtion 

" Carbon brushes, 3 ]» r brush arm, each 1 j ins. x j in. 

Contact area per arm - 3 x 1-5 x 0-875 -- 3-94 sq. ins. 

• Current-density, 243,'(3-94 x 2) 31 amperes per sq. in. 

With"the wave winding now adopted, the commutator diameter 
Can be reduced to !2J his. ' 

Pitch of sectors, (12-75 x 3-14J/171 = 0-234 in. 


/&L’M /0-875-- 0-03 \ 

\ 0-234 


~ P»J + 


4 


By equation (190). ? - j’■ * 7 ^ + (‘ -*)| 

^ (3-6 ) 0-5) x 0000876 
= 0-00353 sec. 


60 

* 171x400 


Placing brush 1 centrally over connnutatur sector 1 (Fig. 410). 
brushes 2 and 4 just reach over the mica strips to sectors 46 and 127 
at trailing and leading edge its pectivdy, making 5 sectors touched 
by each of these brushes, and 9 short-circuited coil-sides in each of« 
two zones ftjrresjxmding to sfots‘l4, 15, id, and 28, 29, 30. 1(0-013 
inch is cut off the trailing edge ofyeach brush, oondurtors 91 and 
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176 are removed from short-circuit, and a similar amount cut otl 
•each leading edge removes conductors SI and 168. — *"* js thru 

• , i ■ u 

exactly 3-5, and when the commutator moves slightly forward 
the picture of slots 14, 15, 16, and 29f 30 becomes that of lug. 384 
for« remainder of J with conductors 85 and 170 as the considered 
coil-sides. ■The time of com imitation will, however, then tie reduced 

4 



and the full brush-w Sit h will be here retained with conductors 
85 and 170 each in a slot fully lilled, as giving The greatest jxjfisihle 
value of 7 £. /(. Ttieiice * * 

for conductor 85 in slot 13, k t ' —- ^ “ r ' 77 ^ 34*6 

Tor conductor 170 in slot 29, A, 1 -■ 3 | 15-7 

* * /0-14 \** 

«!* or «,* by equS/ion (188) = 057 r-',^ i 02} = 6 5 

D/2 p w t = 19/(4 x 0-44) - 10-8 

By Fig: 361, 5, = 17-3 b t k 

^1 + hi X a l + f»A 

= 34-6(1 -(B5/0-44) +6x6-5 + 9*47-3-= 117 -f 39 f155-5 311-5 

X a,* 1 j tt b t 

- 15-7 x 3-3? -f 6 x'6-5 }9x 17-3 = 53 | 39) f55-5 == 2475 

559 
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Iron length of core 9 ino. X 2-54 =» 22-8 cm. 

22-8 x 5S9 = 12,720 

„ . 18-78 4- 1 

A =, c c 1 = Sx31og 066 + 5 x 0115 

* e* =151ogl6 = 18 

2 2 X 19-78 x 2-54 X 18 = 1,810 

.'/ + X. in henrys = i4,530x 10'* 

, . „. *04)0001453x 243 _ , 

^'-W/7,- 0-00359 — °" VOlt 


CommtUatufg puli cast solid with yoke 8 ins. x 1J ins. wide, with 
steel pole-shoe 9 ins. x 1 j ins. breadth screwed on. 

1 , 19 

w c by ci|uation (205) should be = (0-875 - -■ x 0-234) 

-| 1-045 0-115 x 2— 1-945, but tlio aho’-x; will fce near enough. 
v 19 x 3-14 x 2-54 X 1 "400/60 - 1000 cm. [>cr sec. 

0-495 X 10 1 

Average H„ by c.,uath.n (193) x ^ y m) - 2165 
l„ ■ 0-J50 in. 0-381 cin. 

A I\ r 0-8 lt„ K,l„ - - O H x 2105 x H6 x 0*381 770 

7 # -/4/>. (122 x 3421/8 - 5210 

•.Approximate .47', ; 5210 x 1-3 0780 Hut a 

detailed calculation is tabled lieluw. 

IY u'\ 7-02 

“ C \ 2‘ 4 ) 7-45 X 52,0 = .. 4910 

lifter live )H>lar arc ol conmiutaling pole - 
ie, ( 2 25 1 „ ■■■-■ 2 08 ins. 

ajl , .* 0-5/0-15 v. 3-33. A, by l-'ig. 254 = 2-5. 

, A',( ir - 0-375 
KBective area of reversing field 
= 2 08, x 9-375 x 6-45 
-- 125 sq. cnf. • 

<j, r = 125 x 2165 =‘271,000 
<f> tr 5 \ 750,4X40 = 469.00O , 

*"' =: , 740,000 

To check assumed <p„, it njay be reckoned that' permeanfces 
1*, 4- first part of S', + first 2 Ufms of if, = 13-4 -f 1-63 T 14-75 
= 29-78 willix; acted on now by a'M.M.K. pf 1-257 X (4750 + 6000), 
giving a leakage tlijx of ,403,00(1, and Vhis will in'Iact be increased 
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by flux being drawn into' the commutating pole on the one side,. 
instead of passing directly into the yoke in the upper half of the 
ipain pole. • 

Area of pole-core, Sins. X 1J ins., with ends rounded to fin. 
radius —6-25 x 175 j- n X 6-875* = 13-3 sq. ins. = 857 sq. cm. 


U mr --- 740, <100/857 - 8650 
at by Fig. 207 5. ! cp ■-■■■ 20-2, 

(P-15 | (174) X 10" 
a, 5% 

* .-*17,400 

at ■■■ 70 


AT Mt = 5 x 20-2 = 100 

<f«-(6-15-074) x 10* 
a, 396 

= 13,650 

1 ! 3 


Difference — 59 


♦ (l,/4) X 59 15-9 X 59 - 940 

The cali-iil.itinn illuslrairs tlu: importance of the term dealing 
with the difference of ilvieAties in the yoke sections in a 4-polc 
machine wherein the length of path in the yoke Ix-ars a high ratio 
to the pole core length. 

My equation (173). .1 T, 770 t 80 1 4910 j 100 | 940 = 6800 

A'p, sav. 28 turns :< Alt amps. - 6804. all coils in series. 

Length of coil \5J ins. 

5-B75/29 =:■ 0-203 in. ■ 

0 135 „ 


■068 ., clearance between tin ns. , 


Single spiral of bare copjvr. I 125 in. X 0-135 in. Area 0-152sq. ill. 
(»' per 1000 yds . at 20T. 0-02445/0.152 0-161 olnn. 

j in. ait-way at ends of each coil 

Mean length of torn 2 v, 7-25 -)• -n x 1-4375 

23-55 ins. ir- 0-655 yd 

Total length of 4 coils -=■- 0355 x 28-x 4 - 73-5 yds. 

‘ Rvsislaticc — 0-161 x 0-O735ix 114 = 0-01355 ohms. 

I.OSS of volts ---- 243 \ 0-01353 m-3-29 
Watts - 3-29 X 243 - 800 -* 200 per coil. 

Cooling surface of one coil - {2 X 7-25 -1 2ir x 2) x 5-875 

= 1.58, si], ins. - 0-79 sq. in, per watt. 
Weight of .1 yd. = 11-55 x 6-152 = 1761b. 

„ „ 73-5 yds. =-130 lb. \ " ’ 
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Heating of commutator. 

1,'R„ = 2 X ?43 = 

' Peripheral speed of commutator, v x 12'75/12 x 400 
* , = 1335 ft. per min. 

Total brush pressure at i«lb. per sq. in. 

=•• 1-5 x 3-94 x 4 = 23-6511). 
Taking p - 0 35 by, equation (214) brush friction 
* , « 0-35 x 23-65 x 1-335 x 22-6 = 


External cylindrical surface, v x 12-75 x 5-75 -- 230 sq. ins. 


One 

face of lugs, 

1 in. x 3 ins, x 171 

= 513 „ 




5, - 743 


j (1-3 , 1 -33 

S I: 'j 743 x 1-437 

•= 1065 


By equation (t tiap. XXI,“^27). P C. .-.55 X 736/1065 = 38-2'C. 


Efficiency (l-ig. 412). 


in waits. 

! * 

1 

i 

Fulltuad 

U'if* ■ f • 

, • • • 1 

. i rj 4 

473 

1042 

I860 

1-fystrn‘sis t . 

4 25 

} 4:45 

4SS 

465 

iiddii's- 

> ■ 4tH> : 

425 

4 SO 

470 

l.'K* . 

. . SO 

125 

275 

488 

I.'K, .... 

S3 

204 

450 

801) 

/>; .... 

, 565 

68l> 

760 

840 

Khffistat 

. I Mti 

102 

HO 

24 

(iriisli fn« (ioii 

„ | 250 

2 SO 

250 

250 

One ln'iimi^ iiiul .nr h it imri 

:m 

MIU 

3(H) 

300 

Total tnuM's . 

i,i 

2994 

4,082 

5495 

Output . . v * 

. j 13,750 

27.500 

41,250 

55,000 

..„. . •* .«■. 


... .. . 

- ■ . i- 

... _ _ 

Input . - . 

ifi.ooi 

30,494 

45,312 

60.495 

Kliiciciii'y , . 

. ; *.*6% 
i 

90“.;, 

91 p ’ 

»]■!% 

Rinding u-ire. 

£ i> 




By equation (Oil), 

1 * 4 





"3 ■ ’1.. 5 I < , “• 

f, = 7 5 x 342 X 0-055 x 10 x 17;375 x 400* x 10'’ = 392 lb. 

On the core.—Three bands, each j in. wide, of non-niagnetic 
Eureka wrr, 0-040 in, diameter with ultimate breaking strength 
of 75,000 lb. per sq. in. 

No. of wires, 3 x 0-75/0-04 = 56 
Total sectional area, 56 x 0-00\'25 -- 0-07. 

Apparent factor of safety, 75,000 >: 0 07/392 = 13-4. 


466 watts 


250 „ 
736~T 
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On the end-winding— * 

. (l/m,* +*P)fl - (5/6-7* + 3-68*)/3-68 = 2-07. 

At /inch end, f t = 392 X 2-07 x 5-75/10 = 467 lb.” 

Ofteband, t J'wide, of steel wire, OJW in, diameter, witfl ultimate 
brewing strength of 200,000 lb. per sq. inrh. 


No. of wires, 1-125/0-04 =.28, 

Sectional area* 28 X 0-00125 = 0-035 st|. jus. 

Apparent factor of safety, 21X1.000 y (M135/467 ^15, ( * 

In each case the real factor ol safety i;f less by an amount 
depending on thc*initial tension under which the Itiuds an 1 put 
on, and the stress of bending the wire round the.nrmoture. 1 

§ 11. Design of dynamo for 450 kW at 400 revs, per min,- The 
next design is that for a dynamo of 450 k\V output at 400 revs, jx-r 
min., which is 4o give its full-load at 500 volts when shunt-wound , 
and also is to lx: ovcrVimipniindi-il. so that its voltage rises from 
500 volts at no load to 525 volts at full-IAad. Two eondiliuns have, 
therefore, to be considered, tlie fidl lofld current in the two cases 
being 900 or 855 am|x-n-s resjxctively, and the change from the 
latter condition to the former will he made by short -draining the 
series winding and by an alteration of the selling of Hie shunt 
rheostat- It will therefore lx* reasonable Jo anticipate that when * 
normal values of II, and at have Ix-en selected, a higher,vali/h of 
B ,and a lower vain? of nr, or rice rcr.w, ill aetuallv hold 
according to whether the generator is giving its full-load as a 
compound-wound or as a shunt-wound macliine. 


Kilowatts 
Revs, per min., 

• * 

Induced watts per ruv.'permin. approx. 

6 = 0-72 B, „„ ac :< 1/)-“ by Kg. 4(M 
I*. by fig. 405 
at, by fig. 405 


1 1)7 x 4.50,000 
4U0 


450 
400 * 

1200 

04)54 

92,5(1 

810 


1200 

. D* L in cub. inches' -- „ 

* 0 054 • 

i Volts i * * 

Amperes . « * • 

No. of pAlc-pairs — lj'.i 00, - 505/8(10 .— say, 


22,200 

500 52.5 

900 ass -' 

' 3 


L = 0-75 nl)j2p = 0-392D 


D.» = 22,200/0-392 = 56,700 ‘, •< 

b M — 38-4 ins. L m -- 15-1 ins. , 

Peripheral Velocity — 4010 ft. £cr min. 

The armature /tore is tatter long and the peripheral velocity 
> Sm I.. IJuntow, F.I. Hei-tew, Vj. H9, p 774. " 




Fig. 413 —Genera] arrangement of 450 kW dynj 
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moderate, so (hat a shnrtjr core will be preferable, and it will be 
assumed that there is a standard 6-polc frame available \Fig. 413) 
for an armature core {Fig. 414) having the following dimensions— 

= # 40 ins. 

= 11 14 ins. 

Peripheral velocity -~ 4190 ft. ]>er inin. 


Armature winding. 

. , , ac x irD 810 x 125-5 

lap winding, Z - - ^ .a59/6 or 905/8 

■V 7fn or 674 
6 conductors per slot, 3 abreast. ■> 

ac per slot 6 x 905/6 905 innxiimmi, which is permissible 

by Fig. 373. 

To make .5 divisible by /> and permit of /-quali/mg connexions, 
chooseh' ... 114 slots and /• 684 

No. of commutator sector;, I with single-turn Innjw 343 

Cotiimutalor diameter, say, 0-6 40 ins. 34 ins. 


Witli simple* 


Comma, 1 a tor sector-pilch. 


3-14 X 24 
342 " 


0-2211 ill., rather near tile 


limiting value (Chapter <111, it 17 (3)): hence make 
Commutator diameter 


26 ins. 


1 Average volts per sector 2 fi . VJC fi ; 527 342 9-25 volts 


Slot dimensions (Chapter Mil, § 18) 1 -75 ins. deep • 0-45 in. wide 
(Fig. 4l4/i). 


at top 
at centre 
at root 


fitchtn tk. 

II in 
1052 „ 


ll'lrfl/r f. epl 
(Hs» ill. 
(1-602 ., 
<|-5,S5 „ 


Thickness of conductor, by epilation (81), 

/ = 4(0-15 - 0-1)75) 0-035 - - 0-09 in. 

Height of conductor, by e< plat ion (82), « 

>' h J(I,-75 - 0-36) p0 03 = 0-665 in. 

Area = 0-665 x 0-09. ~, , 0-06 sq. in. 

Resistance of 1000 yds. at 39“ C. (68° F.) ' 

* - 0-02445/0 06 - 0-407 ohm 
Sjlp —, 114/8 = 19. Winding to be long-chord, >.«• span of 
oop at back short of a full pole-pitch by one slot-pitch, or y, 1 =J8. 
y, by equation (49) = 6 x 18 + 1 =- 109. y,.-* - 107 

Six equal icing rings of strip 077 in. x 0-09 in. joined to coils 
shown in Fig. 415. _ ; 
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, Ming. A BCD F 

So of coil, or of bar in the upper layer . I 20 39 58 s 77 96 

. ns m m iv wi 2io 

. .r „ „ .22 9 249 267 286 SOS 1 324 ' 

The radix! connecting pieces are riveted and sweated to the curbed 
ends of the loops ; the axial dnfoecting pieces to the front of rings 
A, C, E, or to the hack of rings B, D, F, the rings themselves being 
insulated with micanite, taped and corfipressed'by the small damps 
against the back of tho arms of tlie hub (cp. Figs, 414u and 415). 
1-engt.i of axial projection at either end by equation (85) 

18(1-005) (0-515) ] 

l ' = 2V / 1()051 (, s | S1 I a + 1-2S X 0-45 + 1 -75/2 

— 5-4 f 1-938 — say 7j ins, 

w, ^ J X 18(1-052) 9-45 ins. 

Ia-ngth of a complete eml-i onnexinit. hv equation (84) 
f = 2{v / 9- , 45* | 5-4 2 | 1-9381 25-58 ins, 

I-englh of a hall loop "j4 | 25-58 39-6 ins 1-t yd. 

K by equation (94) 0-0085 ohm 

• at 2ir ; hot wilh ;w 1 1\ rise I 16 x (MHIKS - 000985 ohm. 
859) 

/„/?., -d 0-00985 84(5 or 8-9 volts. 

, ‘ or 905) 


_ Magnetic circuit and field ampere-turns up to Ike pole faces. 

' Radial depth of armature core tielow slots (big. 414b) 5| ins. 

* Four ventilating ducts, each 1 in. wide. 

Double section of core, 'ill,!., 2x5-5x0 9(14-2) 

118-8 sq. ins. = 766 sq.cm. 
Single air-gap, mean length I, - 0-18,1 in. — 0-47 cm. 

Polar angle - 42’. Katin to pole-pitch, ft — 0-7 
Polar are at centre of gap, A ’ -- Jw(40-I85) x 0-7 — 14-7 ins. 

Pole-pitch on annatiifc surface — 20-92 ins. 

• - Polar arc <„ „ „ =14-62 „ 

’ • 63 „ 

Commutating pole-face width 2-5 „ 

Two interpolar gaps 38 „ 

Half of one interpolar gap be't'Vccn a main and a commutating 
pole of oppos-te sign, c = 0-95 in.< 
eft, = 0-95/0-185 = 5-13. y = 100". By Fig. 253, K t = 2-3 
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Between main and commutating pole of the same sign, using 
Fig. 254, K, = 31. Mean value for both strips may therefore be 
takdh as K t = i (2-3 + 3-1) = 2-7 ' • 

W + K,l, = 14 7 + 2-7 X 0-185.= • 15-2 ins. 

Axial length of pole-face, 1,, 13J ins. a - j in. 

ajl, = 0*05/0-185.= 2-03, % Fig. 254, K, = 1-9 

w,ll, = 0-5/0-185 = 2-7. By Fig. 256, -.= 0-35 

L, -f- KJ, - KfVjit =S 13-25 -|- 1-9 x 0-18S-0-35.X2 =df-9ins. 

Effective area of air-gap by equation (113) 

= 15-2 x 12-9 >. 6-45 * 1265 <lq. cm. 
uijl, = 0--f5/O-I85 ■-•= 2-43. 0-65/0-45 --- 1-44 

K by Fig. 262 = 1155. 

A T, = 0-8 & „ al x 1 155 X 0-47 = 0-435 )i, „„ 




6000 E, * 
" 684 X N * 


10® = 8-77 10“ 


/ 


At 500 volts no-load and 400 revs, per min., <1>„ - 10 97 megalines 

Allowing 2 volts loss over brushes, J volt 

over senes winding with dfverter and I volt 

without diverter, and 2 1 volts over font- 

mutatiug-polu winding 

E„ at 500 volts full-luAd and, say, 396 revs. 

per min. 504-35 8-9 .= 513-3 * <!>„ 11-385 

£'„ at 505 volts full-load and, say, 396 revs. 


per min. ■ - 530-1 -!• 8-5 538-6 

<V- 

: 11*95, 


* • 

• 

No-load. 

full-toad. 

Volts 

500 

500 

525 

<t>„ = in mcgalines * 

fo-97 

11-38$ 

11-95 

B, -= - d>,/1265 

8670 

9oqp 

9450 

AT , 

3775 

3915 

4100 

B, = <b J766 = 

1.4.3&U 

14,850 

15,600 

at =* ' t 

14 

18 

25 

IJ 2 = 5 ins. x'2-54 = 12-7 cm. AT, = 

178 

-1228 

812. 

Q = M x 12-717/10-8= 1-295 * * 



• 

Q'= 14/10-8 = 1-295 . ' 

<2 x ~ 

11,250 

11,650 

12,250 

Uncorrected density at crown of to4th, 
* Bn “ Q ■ B, m 4xl»'ii B 

17,300 

. . 

17,920 

18.850 

Corrected «* say, 0-85 

14,700 

'15,250 

16,000 

«<i= , ' * 

18 

.23 

38 

Uncorrected density at centre, 

*18,700 

1 


Bu * Q B f toutfeu • , 

19,350 

20.380 
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Slot-ratio, K k — 1-295 X 1 052/0 602 


No-load. 


FuU-load. 


=> f i! 


■ _ _/ 


Corrected density at centre, fl, c 

18,600' 

19,000 

20JW0 

^le 1 t 

140 

160 

■240 

« e x 10-* 

0-3 

0-31 

> 0-5 

I'ncorrected density at root. 

1 



^li E 5- ®g mail w tt 

20,300 

21,000 

22,100 

Sled-ratio, A'., ---- I -295 ;< 1-005/0-555 



=*.’2 34 * 




Corrected density at root, U n 

20, (WO 

20,500 

21,270 

X 10" ' 

0-5 

0-65 

1-0 

«/„, by equation (118) 

154 

226 

394 

l K t 

79 

9$ 

138 


233 

. 3ifT 

532 

1,12 = l-7§ X 2-54 X 0-5 2-22 cm. 



By equation (119) 

AT, - 518 

706 

1180 

A T g 4- A l , | A 7, -1 

AT, 4471 

4849 

5597 


say - 4475 

4850 

5600 

IIfdting of armature. 

9 




When cninpnuiHl-wound for 525 volts, / U 2 A‘, 

- 8 46 v 859 7250 watts 

Volumt: nf iron, in teeth, 

■ 0-662 :< l-75 \ 114x0-9(14 -2):< 16-38 - 21,300 cm*. 

Mean ilium. of nire lieluwslots 36-5-5-5 - 31 ins. 

Volume of iron in core - 31 x n X 2-54 x 383 
• 95,000 cuv 1 . 

frequency, / -=» 3 X 400/60 .-= 20 cycles jhv sec. 

Joules per cnt.* jier cycle —■ say, 0 0015 
Hysteresis loss =» 0 0015 x 20 x 116,300 -= 3500 

/22,100-17,000y 

\ 1000 ' J X 


Hyequeti(*n,(2l0) 80 


114* 


0-45 X 1-75 

X — g£j- ' ; 4.14 x 401 X 0-1854 x 31 x 10‘ LI 

=» 0 001)85 

40 s (5x9-45*x 14 f 12 X 5-28*1 x 10 M = 0-1)42 

/- « 0 0438 

/•TV'~ Q-0438 X 400" = 7000 „ 

Total loss in armature --- 17,750 

Cooling surface, miter — 3-14x'40x (144-14-75) =e‘ 3610sq.ins. 
„ „ ‘Inner, corrected =4 3*14 X 34 X 14-75 = 1575 
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At peyjpheral velocity of 4190, k — f*C. x S,jW 

• = 10-5 by Fig. 399. 

Surface rise of.teraperature by thermometer, • , 

• ' ‘ t° = 105 X 17,750/518$ = 36“ C. 

A similar calculation when skwt-wtnind and l, l R, = 8-9 
x §05 = 8050 watts but with lower flux-densities will show little 
variation, Ihe two changes practically balancing. 

Completion of ampere-ttyns and field winding. . ♦ 

• § • 

A cast-steel pole core, 10 ins. wide x 13 ins. par.dlel to shaft, 
with rounded comers, 2$ ins, radius (Fig. 41G): , • 

area = 5x 13 + 5 X 8 + » X 2J* =- 124 s<[. ins. •■■= 800 sq. cm. 
Double sec t ion of cast-steel yoke = 74-5 sq. ins. x 2 ■ 900 sq. cm. 
By equation (123) 

t-f, « 10 x ? I -|- U | 2-25 x 14 -1- (1-6 x 40 •*= 87-5. say 90. * 

To check this (cp. p. 246 for divisions) - } 


(1) if, 2-54 x 


13-25 x 1-25 
2-82 


IS 


, • n X 1 -25 -1 2-82 

(2) 8’,^ 1-86 ;< 1-25 x log . -x 2 


-t- 1-80 x 6*25King 


2-82 

i 

it X 1-25 i LO 
10 


x 4V; 1-8 t (i-68 -- 8-48 


/ 1-5 7 5 1-4 0-5 1-5 5-5 

(3) i *"2-54 X 13 x (^ 4^75 I 5-5 X_ 8 1 6-15* 8 

1-5 4-5 1-t? H-5 1-4 2-5 , 1-25 H> J_ 0d>\ 

+ T5 X T + (F9 :< T‘ t ' 5 X "8 -i 312S 8 ' h 1-5* 8/ 

, |i 

71 A 1 | 6 


— 35-8 


(4) = 1-86 X 6 x log -a 


2 


ir x 4 -|- 8 , - 5-5 

+ -1-86 t x 6 X log , -jj— ■ ■ 4 — 


t 4-5's \ 

= V3-5 t +4 ; 5 1 / 


" 10 2-5 

+*2 54 y m X -g- 


a = 2 24 , 20-19 

.it = 15 + 8-48 + 35-8 |- 20-19 -■ 79-47. Adopt 90, as assumed. 

• 10-97 11-385 11-95 

• • 1-015 1-095 1-266 


in nte),«lincs 

4>, = 1-257 x 2 AT r x. 90 

♦ a 


• 11-985 12 48 13216 
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a 0 * 


B m - OJ800 

14,980 

15,600 

16,520 

by Fig. 207 

16 

20 

40 

= 11 ins. =» 28 cm. AT„ = 

450 

560 

1120 

b, = <i>jm 

12,500 

13,000 

13,000 

at, by Fig. 207 

8 

9 

12 

1,12 — 19 ins. = 48-3 cm. AT, = 

387 

435 

580 

AT, 5-= 

4475 

4850 

5600 

. ‘AT per pole « 

5312 

5845 

7300 


• * -r * — 

Main fmle winding. 

Length of coil, 8J ins, divided into three sections by two $ in. 
ventilating sj&ccs, and with j in. air channel between coil and 


pole-core. Net winding length — 1\ ins, 

Depth of winding, 1} in. approx. 

Length of mean turn— 2(5 -f- 8) lit x 3'4375 

»• 47(5 ins. — I -325 yd. 

„ Outer „ ~ 2(5 -f- 8) -) 2ir x 4 --■= 51-1 ins. 

A T^ at 500 volts = 5312 

AT n „ 526 ■■= 5312 x 526/500 = 5600 

Series AT m -= 7300 - 5600 = 1700. 

• L, , • , 5600 

t j~- should be -‘rra x 11 •- about36. 

,Tw«i shunt sections, each 2J ins. deep axially, and one series 
section 1} ins. deep. « 

* . SAwni winding.—Retaining 2 volts in rheostat, exciting voltage at 
full-load and 500 volts - J x 498 — 83 per pole. 

tit v 1000 ' 

»y eq. (124) H6 ~ ohms at20‘C. 

By equation (IS6) <i *-. 0-176/V9-24 - 0 058, s.r.c. to 0-064 in. 


5J/0 064 « 90 turns per layer 
1125 in* -j- fo-9 X 0-064) — say. 19 layers 
Turns per coil =■ 90 ( x 19 = 1710 

Total yds. = 1710 x 6 x 6-325 = . , 13,600 

*-/?,= 13-6 x 9-24 = 125-5 ohms at 20“ C. 

• hot = 125-5 X 1-16— 115-5 ohms 

I, = 498/145-5 =■■ 3-42 amps. 

I.'RJ6 ^ 283 watts 

Cooling surface of shunt sections with one end fiange included, 
S, «= 51-1 x 5J + 47-6 x 1-125 = 1 347 sq. ins. 

k = 1' C. X $J\V = 36 by Fig’. 398 • 

Surface rise, <°C.‘= 36 x 283/347 = say, 1 30“ C 
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When \unning compound, I, — 3-11 It no-load which will rise 
to 3-28 wish the compounding : the rheostat will therefore leave 
a migin of volts^under the compound condition. • # 

height of 1 yd. = 11-55 X 0-02445/9-24 - 0 0306 lb.» 

. „ „ shunt wire = 13,600 X 0 0306 416 lb., say, 3| cu t. 

Series vitl4in& in two parallels of 3 bobbins. 

No. of turns at. 525 vplts -■ 1700/427 •= 4, marly. 

1-75/5—0-35 in. Single spiral of bare cop]nx*<«iedge, 1 in /f(J 27 in.* 
<o per 1000 yds! = 0-02445/0-27 — 0 0007 ohm. • « 

Nn. of^ds! in all the series coils = 1-325 >;-4 :< 6 — 31-8. 

Resistance of the 2 parallels 

> = 1(0-0318 x 0-0907) x 1-15 0 00083 ohm. 

Loss of volts — 855* x 0 00083 0-7 1 

„ watts •■■= 0-71 ;< 855 = 606 ^ 101 per coil. 

S t - 51-1 X U + 47-6 x 1 - 137 sq. ins. 

<°C. =35 X 101/137 = 25-^1/. 

Commutation. 

Carbon brushes, 7 ]>er brush arm, each 1} ins, t x j in. • 

Brush contact area 7-875 mj. ins. per arm. 

CurrenVdcnsity — /./(7-875 x 3) amps, perstj, m. 38-25 or 36-25. 



1 ♦ 3 

Fig. \ 1 7. -Conductors simultaneously short riy.uifi«t in Iwu 
# inti*rp.>lfr »hics, • • 


Pitch of sectors - {26 x‘3U)/342 0 238 m. 

b 


/0-75 6-03\ 
l 0-238 L 


■.* barely over 41, but say 4 

t 

* _ , * * 

Two zones of shojt* circuited coil*^d<% ,-i* shown in Pig. 417. • * 

V = 3 ^y + 2^+ 77 ^ 28-25* 

2it * • 

*»' = 3 x.-^r = 6-28 

6 $ 

/ 2 x 0-36 \ 

-i* or v fcy ^ (««) = > 2 ^(o«+w9 +02 J - 1075 

Dflpsr, ~r 40/(6 X 0-45) =' M- 8 . By Fig. 381, 4, = 17, 4, = W 
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V *■/»» + J« X «1* + ?»1&i 

= 28-25 (1-39/0-45) + 4 x 10-75 + 8 X 17 
« 87-2 + 43 + 136 = '266-2 

V hjw, + X «,* + Hz K 

= 6-28(1-39/0-45) + 3 X »«-75 H 8x 14 

= 19-4 + 32-2 t H2« • 163-S 

' ; 429-8 

« 

Iron length of core, (14 -2) x 2-54 - 30-5 cm. 

429-8 x 30-5 13,100 , 

25-58 -|- 2 
’0-665 1- 3 x 0-105 
by cq. (189) 12 log 28-1 ■■■■ 17-4 t 

2 VX 2 } 27-58 x 2-54 >; 17-4 -- 2,440 

* / \ Z./f ~ 15,540 x 10" henrys 

0-75 - 0-03 

/ by cq. (190) 


V - j t e, -• 4x3 log 


26 x 3-14 X 400/60 
►2 X 0-00001554 X ISO 


(*-+,lv*)V/r.. 0fl0l;i25 

yZ/4/> - "" r. " '- 8.550 

H, 


0-001325 sec. 

3-52 volts 


1-257 x 0-9 x 8550 
l-7,x 3-1.5 X 2-54 j -:kB7 


- 685 


1,50 x ««4 
12 

t;257 m J/.IAt 

to -j- El, 

J. r - 12 ins. 

ti 40 :< 3-1^ 2-54 x 400^60 2125 cut. per see. 

Average U„ by cq. (194) -- 

150^ ° 

12 X 2-54 X 2,2 5 x,. 0^^ + 685 12 2680 f 114 “ 2794 

Con)mutsiting pole cast sblid with joke. i 

'* /„ 0-150 in. w 0 -:Wl 'em. '■ 

AT, r = 0-8 Ii„ K r l, T == 0-8 x 2794 x 1-16 x 0-381 = 990 

Breadth of commutating pole-face by equation (205) 

40 

w, - (0-75 - 0-239) 773 -|- 2-2 -0-12 x 2 = 2-74 in.,.say 2^ ins. 

Effective polar arc of conn mi fating pole - te,. -f 2-25 l tr ~ 2-84 ins. 
Area of pole-shoe = 2 84 x 12 x76-45 = 220 sq. cm. 
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<t> r =\220 X 2794 = 615,000’ 

<hr f = i* 1-266 x‘l0« = 950,000 

<Kr'= * 1,565,000 * 

Commutating-pole core 9J ins, X 2 ins., with corners rounded to 
in ’radius. Area, 7-^ x 2 -l^rr X l 3 •---18-14 m|. ins. ■- M7sq. an. 

R„, ™ 1,565,0^0/117 - 13,400 

nl by lug, 207 ^ 10. /„ = 28rm ' ‘ , 

Ar„ r =10x2«- * • 280* 

ac ( Yj'Z - a-/4) - (10 46 -0-625) . . 8050 


* i Kr (13-216 I-1-565)x (()'• -</5„, r 

<t~ • 96 ( 1 , * <»' 

« 15,400 

at ■■■■■■■ 18 . 

I Kflrrenie • 9 


(13 216 1-565) xlO* 
960 

-- 12,lf> 

-- 9 


(/„/•+) x 9 - 24-15 9 - 217 

Byeipuiliini (173), AT, 990 ‘ 80 [ 805(1 | JHo ! 2T7 9617, 

Commutating-pole coils 2 sets in parnlll, i-nrli of 3 in seritj;. 
Turns per coil, 9617,450 say, 21J. • 4 

Length of roil, 8/ in. 

, 8-75/22 0-398 in. ’ 

0 128 „ clearance between (urns 

m 

• 0 27 ., 


Single open spiral of bare ropjxT, 1 in. < 0-27 in, as for series 
inding. , • • » 

Mean length of turn 2x7-5 i-2ir x 1-875 - 26-75 ins, —. 0-743yd. 
Outer „ „ „ - 2 7-5 I- 2rr 2-375 lS)-8 ins. 

No. of yds. in all the ftnlirmilnliiig rolls ^0/43 x 21J x 6 = 96 
Resistance ol the 2 parallels, liut * 

* , =-. 1(0 096 X 0,09<)7j.X M3 - 0-00246 ohm. 
Loss of volts -- 2-21 or 2-1. • 

Watts = 1990 — 332 per jiole. 

Cooling surface — 29-8 X 8J -] 26 /5 x 2 - 313*5 sq. ins. 

For open Spiral, k = say, 29. t 

f“ C. = 29 X 332,(313-5 =-- 30-7° C. 

Weigh! of 1 yl. = Ik-55 X 0^7 •= 3 121b. * 

„ seriesandcomm.Jx/le coils --VJ-12(96 f 31-8) ^ 400Ih. 




Vltl, 418.---Field-mag iuy 1 ’ tmnexion.s of 450 kW dynamo, with development 
when lhe uppermost f«olf| in divided >uul the joke-ring opened 
\ out from the top. 


Heating of commutator. 

Peripheral speed o( commutator, ir x 4<X) X 28/12 
' -- 2720 It, per min. 

Total brush pressure at 1} ’b, per sq. in. 

= 1-5 X 7-875 X 6 = 71 lb. 

Taking ft i'0-3, by equation (214) brush friction 

=*0-3 x 71 2-72 X 22^ = 1310 watts 
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• * 

I JR* ^2 X 903 when running shunt-wound = 1806 watts 

Brush fri^ion loss • 1310 „ 

*. . • 1 3176 ~ a 

External cylindrical surface, v x 26 x 16 r= 1305) 

Onl face of lugs 1J x 3 A 842 = 1540) 

5,11 + 0-3 X 2-72 m ' 3 l - 2845 x 2 -1 - 5960 

By equation (Chap, XXI, §37). 1° C. =55x31 KMWtt) --= 28-7° C. 


2845»= S. 


Efficiency, at full-load, when running compound 

# * 

Hysteresis loss • 

Eddy loss 

V*. 

W, 

I.*R. 

Rheostat 

Brush frirtimi * 

One tearing and air fl irt ion 

Total losses • 

Output 

* • 

Input 

Efficiency 


• 7250 Vatts 

asm 
7000 
1715 
/I9S>0 
1560 
160 
i:*io 

200th 

26,485 
450,000 

476,485 
94-4% 


§•12. Further illustrations of machines,—l ; ig. 4J9 shews a 500 kW 

generator. 250 volts, 2000emprre4, for direr* driving at 300 revs, 
per min., and as further examples of the design of larger rontiniimis- 
current generators them art "added photograph 1 of "two machines 
built by the AIIis-Chalmers Manufacturing to, of Milwaukee, 
Wisconsin, U.S.A., and of a third manufactured hy the Oerlikon 
Co., Switzerland. ■» • * , .• 

Fig. 420 shows a Iprgc slow-speed aiaritine for 1S0<) kW, 240-250 
volts, 90 reVs. per min., built by t/le A11 is-Chalmers Co. for direct 
coupling to a Diesel oil engine. On the other hand, Figs. 421 
(a, 4, c) show a machine "for 3000 kW< 300 volts, I0,090jimpercs, 
300 rev's, peranin., supplied by Ihc Allis-Chaimers Co. to’thc Norsk 
Aluminium Co., Norway, and dri^n hy a water turbine. Fig. 
4214 shows tfie armature dbre ^ith commutator of^ shrink-ring 

i For whtdk the jnithor is ind^ftt *1 to the coui}e*y rJ the firms named. 
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construction ; one of the wain points calling for care in the design 
of hydro-electric direct-coupled units is the high speed that may 
be attained by (he water turbine or water wheel, and in the present 
<5ase an overspeed of 540 revs, per min. has been taken into account 
in the design. A novel feature is that by means of a hollow brush 
yoke support, ring and hollow brush forks, air is blown on to the 



' 0 19 . snn kW ilvniino, -50 volts, 2(MM> aiup'o's, 

JtH’l ft*vs. w't nu«. 

(Messi^W, H. Allrti, Sons A l‘o., l.til.} 


coxmvutator, the bnish forks having holes drilled in *liem so as 
to deflect the air on to the commutator directly in front of each 
brush. The auxiliary blower furnishing tiro air is seen in Fig. 421«. 
The bracing of the end-connexions of the compensating field winding 
is well seen in Fig. 421c. 

Another large continuous-current dynamo, driver, by a water 
turbine at 300 revs, per min., is shown in Fig. 422. Three such 
machines were constructed by the Cerlikon Co.‘for the Chippis 
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(Valais) works of the Neuhausen Aluminium Co. The normal 
output oPthe machine is 2650 kW, 340 volts, 7800 amperes, but 
it is capabft of a continuous, load of 3000 k\V, 375 volts, 8000 • 
amgdres*.. Furthe*, it is capable of overloads of i>er cent, foi 



> 


2 hours (10 per cent, increase in voltage, 15 per cent, in current) 
and of 50 per cent, for half an hour (10-15 per cent.-increase in 
.voltage, 40-3$ per cent, in current!. Its efficiency, as calculated 
i from measure)} losses, is 93 per ceyt. at half-load, 94-5 per cent, at 
full-load, and the maximum temperature rise after 2^ hours' run 
45 ” C. The ^commutator "has. 3 shrink-rings, and cirbon brushes 
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are employed. The shaft is carried oit high pedestals to render 
the lowest •brashes easily accessible; while a ladder, insulated, 
tronythe baseplate, enables the highest brashes to 1 be attended 
easily.’ The number of poles is 20, with the same number of 
commutating poles. , , * 

T^e continuous-current turbo-dynamo, coupled directly to the 
steam-turbipe, being «now lesj frequently built, it suffices to state 
that in the fcr$r sizes for central station work, the field-magnet 

has usually been tot ally .enclosed by cast-iron casings at the &ids, 

» • • 



Fm. 42li.—-Fiolil-m.'inim 34H K) kW dynamo o( larg 491a. 

• i 

4b that only the commutator projects irrt# the open, and the 
’• ventilation is thep assisted by a fan idounted on the^haft at the 
rear end of the armature where the jir enters. On leaving the fall 
chamber, the stream of air divide^ part passing through the'bore 
and past the compensating winding ends to an outlet at the top 
of the machine, and part'passing by a/ial canals into ijie armature 
core outwore^ through radial ducts into the bore to jojn*tle former 
* stream and also partly onwards to#the front end of the armature 
* past the winding, whence it is driven out by the commutator 
lugs. * • ’ ' > * 

A non-salient-pole construction of fieldf magnet has often been 
• • 

1*—(5M5a) 



r.p.m. dynamo, lOfrlikon Co.) 
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employed,''built up of discs slotted on the inner periphery to receive 
the excitingtoils and alSo in quadrature with them the compensating 
wir.dMg, 30 that Y’hcn finished the interior is practically smooth* 
The*scheme of the compensating winding as employed Messrs. 
Browfi-Bovcri & Go. is illustrated in bi. 423 for a 4-|iolc machine ; 
each .small inner loop embraces a broad commutating tooth lying 
between two larger slots which hold the main field-coils: each 
pole-face then has several slob to take the qomiHuisating turns of 
copper strip placed edgewise in the slots and lockijd therein by 
wedges. • 

$ 13. Measurement of losses by calibrated motor*-- The three 
principal methods of measuring the losses which occur in eoiitimmus- 
currcnt dynamos may here he introduced as [tearing on their 
design. 

(liven a machine whose losses as a motor at different horse-powers 
and sjtceds have been Very carefully determined with its brushes 
adjusted to the last position for miniifltim loss, it fan then he 



Fit, 42.1. I J. v. l.ip'tj tli.u;riiiil of umi]K-!is.lt!tln fii'l.hu'imJjng far 
turto ilynnmi* * 


rigidly toupled to another machine, and the losses in the latter 
determined from the horse-power transv.il Its I through the coupling 
from the motor, t c. fioiff the additional watts taken by the motor 
so far as these actually corresjaind to liss-ful horsc-power. In this 
way an unwound core utuwitcd Imt with ils wflnden wedges in 
place or its slots temporarily filled with wood strips can he tested 
for friction and windage* for’bnish friction, and. when excited, for 
its additional no-load kiss due to hyncresis find eddy-currents 
in its core. But in any such test flic .iirur.fte alignment of the 
'•shafts within thei* (tarings ft very imjxittunt, and 11 * frictiona^ 
losses should be specially checked and cotrtjfttred witlt those which 
may be debited to each maridity uffder normal conditions. Since 
the friction loss is inversely projwrtional to the temperature of the 
oil, the machine must be run for a sutfiifienl time to allow the hear¬ 
ings to reach a constant temperature. Further slight changes in 
the pressure 01 ^ the shafts due to unbalanced magnetic pull when 
*the field of the driven machine i$ excited may caus^ a slightly 
different alignment sufficient to alter tVie friction appreciably. 

| 11 HtfJuremect of lotted by motocmtuifat method.— The 
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second method 1 consists in running the machine as a moti/r without 
. load at various speeds, and noting the current through its armature, 
t£e voltage applied to it, and the speed, the excitation beiqjfkept 
constant yt the desired value for each reading of these quantities. 

The mechanical power dcuclojxid in the armature of a continhous- 
cuircnt motor is E„ x I„ — (V t - I,R„ -7 a R,) I„. where V, =» the 
potential difference impressed on the motor arftiatuje at the brushes. 
/„= the current through it, and R a * R, are the resistances ot the 
armature and; of the two sets of brushes-of opposite sign. Since 
the motor is now assulned to be running light, /„ is small, and with a 
fairly Jargc agtialurc of low resistance lj(„ is practically negligible 
as compared with V ,; the loss of volts over the resistance of carbon 
brushes should, however, lx: taken into account even at no-load. 


Subject to this deduction, the hark K.M.F. of the motor is closely 
equal to the voltage impressed upon ik, and with a Jixed excitation 
the speed is easily varied throughout a wide range by increasing 
or decreasing the applied Volt age. Since the field <f>, during the 

• p 

test is kept constant, the back h.M.r. of the armature -- x 

N a 

Z , — x 10" s volts is proportional tq the speed, and when plotted 

WJ c 

in relation Ihcrcfo gives an inclined straight line passing through 
themrigin (Fig. 425). 

Again“sinr.e ([>„i»constant, the total torque rotating the armature 
is prtqxirtioiial to the nirreiit f a . Tile latter may therefore be 
mentally split up into 1 luce jiortions, the first supplying the tprque 
Jo overcome lire resisting force from friction of the Itourings and 
windage,* he second norms ponding to the torque from hysteresis, and 
the third to that from eddy-currents, l or tfiu* moment let it he 
supposed that the tirst item has Ixieu dcdfkted from /,. and that 
the remainder whqn plotted in relation to speed gives the line •■(B 
(Fig. 424). Now, lift: losses (Arm hysteresis and eddy-currents 


l>eing proportional resjxxtively to the speed and to the square of 
the speed (Clfapter, XXI, » 21-23), or U'„ -)- II, - UN + FEU 
(where II and F ate two «onstants lor tl« machine with a give£i ■ 
excitation), the torqM from hysteresis is <x. H and is a constant, 
while the tqjque from eddies is oc Hi and is proportional to the 4 
speed. The required ditkhin ef the current AR is at once obtained 
as sKown in Fig. 424 ; lor it rmftt ty made up of a constant portion 
of height OA and a portion rising in an inclined straight line OD 
from the,origin in proportiiki to the speed. If we experimentally 
determine*a number of points on the line AB, bysproducing it, 
backwards to cut the vertical at*,4 the constant H can J*e determined, 
and from the differences, say - QG, the constant F can be 1 
determined. 'The rate of Joss in wajts from bq»h hysteresis and 
1 ElHtnuM. V«L fc, ppl $», 700; ilfi Veil. 77. p. lei, * , 
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eddies at any particular speed N is then obtained by multiplying 
together thg corresponding ordinates of the current and voltage ■=. 
QP ¥ i the watts absented by hysteresis are •« QG x " 
and b Y eddies are 11’, = GV x F.. Thence H ■--- tt'JN and F = 
WJil* Or if tlie iron losses at two^needs .V, and A’„ fhc former • 
high and the latter low, are respectively if, and it 1 ,, the two 
coefficient^ 1 are . , 

■ * n = . 

~N^.N % - t S t KN t 

-AV.^-AVA', 


So far«tlie loss from friction of the 
bearings and from windage lias teen 
supposed to bc«previously known and 
eliminated. For a cdhstant intensity 
of pressure per square inch of bearing * 
surface and for a constant tcni|>rra-* 
turc the iaw that the coefficient of 
friction, and therefore the torque, varies 
as the square root of the velocity of 
the shaft, holds as approximately true 
for all ordinary peripheral speeds rang¬ 
ing between ISO and *500 feet per 



J : io.. J 24.—Supa ration* of 
cdiiy-cyrrmt frnm*hyst crests 
iiml Jiii:tion lessee. 


minute (Chapter XI11. § 12). Hence f 
in owiinajy running the friction torque and the component of _ 
the no-load motor current which is proportional thereto, when 
(dotted in relation to speed, should be slightly bowed or concave « 


to the horizontal axis. ■ 

On the other hand, the torque from the air resistance is approxi¬ 
mately pro]x>rlional to the square of the sjss. l, es[x>ria1ly when 
there are ventilating air-dhets with minurous blades interspersed 
along the armature core 5 ; ,-yul since the aim of llu^ designer is to 
produce the maximum rtf cooling action, by (listlosing the armature 
' ^finding and arms of lift: end-plates to’act jis an effective fan, tile 
. proportion of the air-friction,to that <4 the tearing* may lie quite 
* appreciable. Th<? loss from I rearing friction and windage is thus , 
«> = «',» + ,)= /, iV*’ 3 -f- fJN*, and^ie elfeet is to raise the frjftion 
current with increasing spccals more nearly to a constant quantity. 
There is thus some justification for regarding the loss from friction 
and windage as more or l<jss proportional to the speed, j» as equal 
,to the speed ritultiplicd by a coefficient analogous to H (or hysteresis. 


t 1 For certain%autinju as to the application of these valuer in designing 
armatures, vuU Chap. XXI, ^ 18, • • B 

1 The ttpc law tlw 5 winc'are loss has, howevnr, bwn shown by 
Prof. W, M. Jiornlon {Jount. Vol. 50, p. <98) to be very complex, 

• • 
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On this assumption, for I^ K = HN may be substituted 4V (-+fl = 
{H -f f)N, and the total current is again an inclined straight line 
%s in Fig. 424, "but divisible into the two portions, viz. a fofctant 
amount proportional to the torque from hysteresis, friction, “and 
windage, and a portion increasing with the speed; so that * 

H +/ — —' f \ and /•' as before‘s ~ * 



425. Miilnr t urrviU trsl <if (lyriiimei with an».llurc 
• | 12" cluitii. \ V lung. 

> * 

Ex]>criiiient shows Jhat in most rases the total armature emrentts 
not far (rout a straight line, Idthoitgh often slightly bowed. At high ,* 
sjjeeds the torque from ajj^fri^tion increasing faster than the speed 
may-render the current-curve oren convex to llie abscissa axis. 1 

Fig. 425 shows the observed results of a test on a small machine, 
the values of the induced K.y.F. lieiuggiwn liv the inclined straight 
line passftijj’thiough the origin, and the mires ponding values of the 
armature current by the ineiinul straight line which, when produced 1 
backwards, gives the initial or starting value of 2'85‘ampcres. The < 
true curve i#probably shown hv die {lotted line to which the straight 

, ' j . 

1 Cp. the experi mchtallyf obtained ligiycs. Eltctnci**, Vol. 52. p. 831. 
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line is a fair approximation. At 600 revs, per min., with an induced 
E.M.F. of«85 volts, the total current taken is 6-&5 amperes; since 
thfl^ciyrcnt required to balance the torque fri»h hysteresis and 
friction is 2-85 amperes, the friction, windage, and hysteresis loss 


is 85 x 285 -- 242 watts, and thediffcretjee.of 4 am{we% multiplied 
by 85 volts gives the loss by eddy-currents in the armature, namely, 
340 watts. t * 

Fig. 426 gives the corresponding values of E 4 and 1„ for a larger 
4-pole machine jvith todthql armature 21* diam. X* 11’ long under 
three dAjeVcnt ’degrees of crepitation ; the afhpcre-tums per pole 
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were respectively 4850, 72^0, and 9675, and the air-gap ^densities 
,6200, 7140, and 7600. At the normal speed of 400 rev*, per min., 
ajd the intermediate excitation, the losses by frietjon, windajj^Und 
hysteresis and by eddies are respectively 545 volts X 0-945 am petes 
= 515 waits, and 545 X 1-035 = 565 watts, making a total of 
1080 watts in all. , 

Owing to the objection that the los%from tire mechanical friction 
of the bearings and by, windage is no/ strictly proporfional to the 
speed, the motor-current teal is inferior in accuracy io the retardation 
*method*io he described in the next section ; yet it is simpler and on 
the wtyjle yiejjls nmcli itseftd information, so long as the current 
readings do not diverge greally from an inclined straig/it line. It is 
essential with carbon brushes that their position should Imadjusted 
to give the iiiiniumm loss, sinc<; hy an incorrect setting a considerable 
additional loss can result from unequal current-density over the 
’contact surfaces of the brushes. There remains, too, the objection 
that it is diffivilt in practices tn keep the hearings in a steady normal 
state under the changes of speed which are a necessary part of the 
test. 1 Usually a mu of three or four hours is required to attain to 
a steady temperature of the bearings, without which all motor- 
current Icjjts arc open to considerate inaccuracy, liven then a 
•change from a high to a low speed temporarily reduces the friction 
loss io a value lielyw (fiat which would he obtained in steady 
running, fir vice verna lor tin: reverse rlintigr, so that some minutes 
must be allowed to elapse before reading the current after a change 
of speed. It is best tfp lake two sets of readings, the one yith 
•ascending and the other with descending speeds, and to note their 
t exact sequence, s At very low sjx-cds the friction may increase 
owing to the lesser amount jif oil swept into *,Uh hearing by the 
rotating shaft, or owing to the oil rings failing to act steadily and 
satisfactorily. , , 

§ 15. Retardatitn oi “ running-down t ’ method ol measuring 
losses. —The third or retardation method, first applied by M. Routin, 3 
necessitates a Ifmnvhjdge of the moment of inertia of the rotating 
armature, but possesses sevenal incidental advantages. No assump¬ 
tion is made as to the*l5w which the friction obeys, and its actual 
amount can <j*e very accurately measlired, sinc<* the changes of 

'speed are automatically‘KNidc*in a definite sequence and with 
• ► 

1 Cp. Fiiui, U.T.Z. (1903) p. 917. ' 

* Electrician, Vol. 44, p. 323 , 

1 L‘Edaiifoge* Electriffur, Vol. 9. p. 169; Dr- lAJfred Hay, Elecir. Review, 
Vol, 47, p, 287; Cluw. J\ Smith, “ The l-'xpcrimental Dctcrmihation of the 
Lowes in Motor*," Joam. I.E.E., V<*. 39, p. 437, Tho rcadep is especially 
referred to Prof, D. Kobertsou’a paper^on " The Separation M the No-load 
Stray Looses i* Contimioi»s*cnrrertf Machines py Stroboscopic Rurmiag 
Down Methods," 'Journ. I.E.E., Vol, 53. p- $08. where other refejpvce* are 
also given and many pcAntt ctf detail discuAscd. k *' 
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perfect regularity in e.ach repetition ofMic test. The armature is 
first run uj^to or above full speed, and the driving power is cut off, 
it isgben allowed to come to rest, while at small intervals of time' 
th« speed is measured either directly or indirectly. If the sjiecSs 
are converted into angular veloci^ej (w - 2ir,V/(10) fit radians 
per sec. and plotted in relation to time in seconds, at any siven 
moment la be tho angula^ velocity, and let a tangent !*■ drawn 
to the curve the point corresponding to the moment in question. 
The tangent then.n'ieasqres tlie time-rate of change j>f the angular 
velocity, or dmjdE Let 1 ■■ - Mk 1 Ixt the mojuent or incrlifc of the" 
revolving part irwC.G.S. units, i.e. in grammes of mask x (centi¬ 
metres} 1 . At any point of time as the rotor comes to rest tfie rate 
of chnng^of ils angular momentum is equal to the retarding torque 
acting on it in CAl.S. units; or 

.dot , * 

- / -= dyne-centimetres, 
ill 

and the rate at which the stored kirigtir energy is expended in 
overcoming the retarding torque is 


T«i - - /ei—-hrgs [x r second, 


dot * 

v. X 10-’watts 

<li 

_ ft 

Sine# a lwlogrammc-(metre) s is It)' 7 (’.<LS. units, the moment of ^ 
inertia I is best expressed in kilogramme-(mctri".) 1 , when the factor 
Kb 7 cancels out, and the expression reduces to * • 

• dot 
watts — - Io)-r- 

• « 

Since the velocity is usually meastfred in revs. perViin., and plotted 
in relation to seconds of .time, this may also rynveyieiitly be 
expressed aj * , • 

. *2w/V 2w dN* -fa dN 

watts 1 7 do.' bo ■ It* ^;w;no A Tt 

• ■ » 

. dx .4. * * 

= ■ 00HJ95/.V Y t .... .(220) 


where / is in kilogramme-(metres} 2 . But the tangent 4 to the curve 
must then b$ read off in terms of the scales to which the curve is 
plotted. _ • 

The watts fhus obtained are at any moment equal to the rate at 
which energy is dissipated in friction of bearings, ind brushes, 
windage, *hysier«sis, and edll^-currcnts. 1 Thus if the retardation 
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curves be determined antf plotted, first with the field hnexrited 
and without brushes, then with hmshes down, and lastly with the 
fjeld excited lo various strengths, a complete analysis of the. various 



I'm. 427.—-Kotardaliun curve nt 2 ^ ‘ l /. ] J ’ armature. 


• 

dt 



Fin. 42S Derived curves «( rate <il change of angular velocity. 

1 . * > 

* , 

losses may he made. After the experimental curves have been 
taken, the derived curves of or of dSjdt. shotild be plotted 

in relation to <» or ,V, the tangents at a nuihber of forints being taken 
so as to check the cXirree/ness with Much they hate befcp 1 deduced. 
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The torque is then proportional to the iNjdl curves, and the watt 
curves ar^obtaincd by multiplying rfiVAft by \ and by the constant 
0M09£/. t . 

'Fig. 427 gives the retardation curves of the same dynamo as tfiat 
fortwhich the motor-current readings^tre given in Fig. ■fc«; thence• 
are t obtained the derived curves of Fig, 428, and finally the total 
and the friction plm windage losses of Fig. 428 Hy deduction of 



Ifrt friction and windage loss from the total the curves of Fig 430, 
for the losses hy hysteresis atiiVe<ldy > iiri»nts i> are rear lied. The 
moment of inertia of the armature was /„ 17-875 kilogrammc- 

(metres)*. , ' • * 

In ordel to detcntlinc (he liearnf; frictnm and windage, the 
retardation curve when the field is mit excited is lu st taken hy the 
following inelhgd The machine is coflpled hy belt lop small motor, 
and by its means t^m up to a little a^’ovril*>fulls|x-cd; the revolutions' 
are takgmon a speed- 1-01111 ter, aruFthe voltage due simply to residual 
magnetism is read on a low-reading voltmeter with a pair only of 
small brushes resting on the commutator; the drivipg licit is tlien 
thrown off, and at intervals of, say, three seconds die voltage is 
read as it gradually dies away. J’lhe sjieed of the armature as it 
comes to r^st is then simply jiroportiona! to its voltage, and by 
means of the residual magnetism tan he measured Indirectly, and 
more afccnrati4y than by’a^ tachometej, winch in itself adds an 
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• * ■ * 
indeterminate amount of faction and inertia comparable in small 
machines with that which is to be measured. Next, Ahe field is 
excited, and tho machine is run at its full speed as a rnotoi;. s,The 
armature circuit is broken while the voltmeter leads are left attached 
to the brvfthes; the same rpajings are taken of the voltage as it 
dies away, and a second curve is obtained. If the time of corning 
to rest is too short to allow of accurate readings being taken at 
successive intervals of a few seconds, the process must be continually 
reported, a sl^p-watcl! Itcing started each time that the driving 



power is cut off, and again stopp'd when the voltmeter needle 
passes a prearranged point. 1 .The difference betwtfcn I he two values 
of tiN/iil on the two curves for the same sptfcd N of the armature, 
when multiplied by^ 001095/A', measures the power absorlred by 
the hysteresis aridS’dily-currents in the excited field, and the latter 
may lie given any desired value in order to test the effect of the flux 
in a given arindture. The subsequent separation of the hysteresis 
loss from that by eddy-currents must l>c made on the approximate 
assumption that the f miner loss is proportional to the sjieed, and 
the latter to the square of/he speed. Or graphically, hy the prin¬ 
ciples of § U, if I he watts tkte tn hysteresis and tddies are divided 
by the corresponding voltage, and the current so derived‘is plotted 
with the voltage as abscissa?, an inclined straight line is obtained, 
of which the intersection with the axis of ordinates measures the 
current required to overcome the torque due to hysteresis, while 
the line drawn jiarallel to the Straight line of total ^current but 

1 For tho accurate measurement, nlsthc sfierd, Pnif P Robertson has 
devised a special ‘stroboscopic disc, which fully described in tjio paper 
referred to in tho preceding fqot-uotc, * * 
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passing through zero -measures the current required to overcome' 
the torqueadue to eddy-currents. 

I^a.hcavy fijj-wheel be attached to thy armature, the grejt* 
advantage is gained that the time of slowing down is extended, and 
especially when the field is excited jnd the retarding* torque is 
considerable, the measurements can be much more accurately taken. 
Further, since the moment <>l inertia of a fly-wheel with heavy rim 
can, owing do its > symmetrical shape, Uneasily and accurately 
, • 


F 

* 

2 

E| 

il 



ralculated sls l v . an jipproximate catmint int) of the mnincnt of 
>nertia /„ of the armature alone will lead toibjit little error, since the 
:otal value (/„ -J- /„) li.us now to lie Substituted for I in equation 
[220). Care must however, be taken t|||\ the tmuring friction is jot ■ 
ieriously altered by ttie addition*} too heavy a fly-wheel, causing 
lefloction of the shaft. TliiJ again may Ur checked by taking 
wo'no-load retardatioil curves, with and without the fly-wheel; 
aking the calculated value of the friction loss deduced from the 
wo curves should coincide, or vicj versa, the value of the moment 
>f inertia obtained for tile armature alone (rum (tic formula, 
•dv h lil' ‘ 
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« ' * 

(where daijdt and dcojdt are respectively the rates of chafige with 
and without fly-wheel for the same value of w) should Agree with 
{he calculated I,‘, Thus in Fig. 431 a'fly-wheel of known moment 
of inertia /„ = 1-8 kilogramme-(metres) 1 was substituted for the 
usual pulled of the same dyi^ujno for whirfi the curves of Fig. '425 
were found. The upper retardation curve was then obtained 
with the field unexcited, the S|x;ed lysing measured by .means of 
the volts from residual magnetism a^ given in tire third scale of 
ordinAtes. At »(S00 revs. jx:r min. or ro.- dm t /dt = - 1-1 , 
Angular Velocities and*seconds of time being plotted to the same 
scale aqd the angle o, Ixing 47’75°; at tile same'speed and under 
the same conditions but without the fly-wheel, doijjijl was - 2-62, 
the angle « t Ix-ing 69 ! Hence , 


18 X 


H 

- 2 - 62 ~i H 


1-3 


and the totaljinomciit of iiicrtia of armature and fly-wheel ™ 31 
kilogramme-(metres) 1 . In any such method, since the denominator 
is the difference Mween two quantities, ar< urate readings arc 
necessary to avoid considerable error. 

The moment of inertia of an armature of moderate size can Ire 
.conveniently determined by direct measurement of the periodic time 
of a ^complete oscillation* when it is hung vertically by a bifilar 
suspension, If the (Vo parallel wires, eaeh of length /, are at erpial 
distances ol a from tire vertical axis (Fig. 432). the radius of gyration 
k is found from the formula for the periodic time 1 


Ilk 1 
V g :< u 1 ’ 


i.e. k- 


«V 7 ' 0 

4tt-Z 


whence il M, and m arc the masses of the armature anil clip and 
of the clip alone, and / and T vi are the corresponding periodic 
times, i « . 


; * = 5i t,, 7'‘ s -'" 7 '« ) * . 

To give l„ in kilograhime-(metres)*, a and l 'must be expressed in, 
metres, g 9-81 and !tf and,»i are in kilogrammes of mass ; or if 
, a' and 1‘ are in feet, anti Hiand w are tfie weights ifi lb,, 

( a 'ii “ * • '• 

/„ — 0 0344 1 p (HT W ‘ -1?r rt ’) kilogramme-(mette) 1 


The length <>f Z should be great as compared with 2a. 

In the case of a large armature, if its shaft of radius a jp supported 
on knife-edges and it is set swinging with a small weight attached 
at radius l from the axis of the shaft (Fig. 433), the radius of gyration 

1 Cp> four#, I.‘E.E„, Vul. 31, p. 664, M Tbf Breaking ok Shafts \p Direct - 
v coupled tSiUlaa.'" by Mesta. Fpth and LamJ>. 
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of the srrfcll weight itself being negligible as compared with l and k, 
(ben for sm^ll oscillations the square of the ratlins of gyration til the 
armature alone is » * 




m 

M 


>»)' 



/.=»•'«*' "> 2 J ‘ ' 

and if w is tl^e Weight iiflb. of the small, attarlijn mass, ami /' and 
g' are in feet * 

> » 0 0344 uli 17',* - l-2< ^ ^ kilt(n-otrt:s)* 

The armature can aft; relatively bo usd rolling on curved knife-edges, 
the radius of which is accurately known ; ,t!io |>eri<i(lic time of an 
oscillation thus obtained Supplies a third means for calculating its 
moment of inertia, 1 • 

• With still larger armatures having/ton si derable moment of inertia, 
a retarding tfaque may be applied” by means of a mechanical brake 
formed by a band or cord passed aver the shaft or pulley, with one 

* H. Cotton, Btima, Vol. 10 Jl922), p. 132, 

• • * 
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end carrying a weight and tire other end anchored to a spring balance, 
or by means of an electrical load. 1 Thus the second intermediate 
cprve of Fig. 431 might equally wdl have been obtained by ani 
additional mechanical torque T s ; if the difference between the 
. reading of the spring balance jmd the weight had been 4 16 lb. = 
1-885 kilogrammes weight at a speed of 600 revs, per min. and the 
radius of the fly-wheel or pulley to yvhicll the brake was applied 
was 10 in, = 0-254 metre t , 

T. - - Ifl85 x 9-81 x 0-254 = - 4-7 - mctro-hcetokilodynes. 

The moment of inertia of the armature and fly-wheel is then 

* * T„ ' 

dmJdt^lo> u 'dt .. (ZS) 

-4 7 

“-2-62 T1-1 " 3,1 kll '>K r -«mme-(metres)* 

When electrically loaded with an output at the rate of w watts, 
for will be substituted «•/«>. 

When fully excited and‘with the fly-wheel fitted in order to 
prolong the time of coming to rest, I he lowest curve of Fig. 431 
was obtained, whence at 600 revs. ll jx-r min. dw.Jdt = - 3-5. the 
t angle n, Vicing J-t l°. The watts expended in overcoming all 
losses hre at 600 revs* per mill. 3-1 x 62-8 x 3-5 — 680, while 
the rate of loss by friction and windage is 3-1 x 62-8 x IT ~ 214, 
the difference of 466 waits lx-ing the. loss by eddy-currents and 
hysteresis, which may 1 h: compared with the figure of 340 
, obtained for the eddy-loss alone from Fig. 425. (jiuphilally, 
as shown at tile side of Fig. 431, if (he watts absorbed by friction 
* are w f , the watts atisorlied by eddies and l^vstcrcsis are ie, x 
lili’IAli, or if with the 11/-wheel in post,* ion a brake had been 
applied to give the intermediate curve and the watts absorbed by 
the brake were i^ — J ,o>, the vpit ts absorbed by eddies and Hys¬ 
teresis are 7<-j x illi' lili’. The curves, such as Figs. 425 and 426, 
may also themselves lx; used to deterakne the moment of inertia of 
the armature ; if a,l any speed and excitafion the w.vtts taken to 
drive the armature as*.!* motor are tt>, and the rate of change of the 
revolutions at the same sjKwd and excitation ij dNJdl from the 

1 P J(f 

retardation curve, -■= t*should give in 4.11 cases consistent 

• NaNjdt *• * 

values of the constant C — 0-0l(H>5/, Indeed the two methods 
of the preceding and the present sect ions*'when combined afford a 
useful check upon the readings taken hy the motor-cuyent method, 
since for all speeds the determination offrom the retardation curve ' 
must give the same result if the "readings are correct. 1 
» , » , 

* Cfi. Mika Walker, Tkd Dug rinsing “j, Trcubits in fifactncut MtMmtt, 

w'< 7« > r „ * \ 



VBSJGtf OF CONTINUOUS-CUfRENT DYNAMOS »• 

I . » 

The moment of inertia of a contimious-rnrrcnt armature may 
also be dir&tly determined electrically by a method due to Pr. (1.. 
Kapp, *ni> which current is supplied to the armature first so as tn 
accelerate it, and then so as to retard it or to keep it- tunning at 
constant speed. 1 ' • • 

For retardation as for motor-current tests ii is essential that the 
machine should Jic run liefoMiand for a sufficient imnils-r of hours 
to allow of the lrearings reading a steady turn pern lure, since yium 
this depends so lately the friction loss. ( , 

• ' , * 

$ H. The frtcdgie Iota, I-.N]i<'riini‘iit shows that, as the sjm’il Nnri-.w* 
from rest, the coelhi ieiil of fmtnm at lirst falls ia|H*lly, isihen^ieatly einistant 
at its minimum aval in- within it small rang.- *‘f s|s>f(l. .iy>l lastly rises, yjvioy 
^ h«w aftr% the l-5lh power law. CorrrsiniinliiiKly null rttanliitjuii curve 
when vrry dt'Cilfdti-!v t.ikvn shows tmninls ns .ill inversion point ♦unit 
sl\arp Ix'nil [cf> Jug. 4117}. Tin- cut t Incut kui nl this point .it winch a kind 
of seizure pjjuv is chiefly t&'prwlvrit iipnn tin- NfH-iTt .it winch the cu* , 

rlftcu-iit of friction rr;ohr*il* minimum. hut it «ilv» ij|h m tin- propor¬ 

tion of the otlu-r retarding i,iu*vs. wlu lhrr hysteresis or edtlie^nt this speed ; 
il <K;ciirs, in fact, at th;it speed for which tlir- < nnihund retarding lonpii! from 
all causes is a minimum. Thus tl js ro:w lied #1 a relatively highr-r speed when 
ihr friction of Iv'ii rings ami id lie' air is alone at ting ; hill when the held is 
rxeited arid the braking action of eddy <nrreniN is u«Uled, siihi* llu-ir tonpir 
is propnrtbtrial to the speed, the minimum tiitirliinnl tonpie oieurx at lower 
speeds. At very low speeds, the cA’ilnieiu of lm Iniii ir aIsh .lifted by (hr 
rapidity of tho sjH'ed’clianges. There is a leriaio linn* lag of the (d-film 
in point of thickness both when the madime is Rowing down and afio ^rhrn 
it in iieitig run lip : but in the former rase the loefhcicit of friction is smaller 
than would be the case if a steady state was readied, mhilo in the fatter case 
the opposite holds. Tin* roetfteient of fnction at the end of the retardation 
curve therefore depends upon (hr tunc during wh^li the process lasts, ami 
its sti^dy value cannot hr throve obtained lor very low spi'erls.* 

(riven thf values of the friction waits fiy, and w rl at two widely different 
speeds, *V t ami ,V 3 , the former high and the latter low, on tin* assn i notion aliovc 
mentioned that the loss fmm frir.iinn <jf the lirarmgs increases .is and that 
by windage as jY 1 , thf fltor* c**'Ifidents p-rtayung resjx-c tivvly to the tearing* 
and air may lx- obtained in the manner suggested liv hr l’niw *an 


• h 


N,'.w„ .V,* w fl 
IV,« .\v.w k 1,1 


• V V* U J< •V-'-o'n 
•V.XAVVAr',* .V." 


Hnt the true law of tile windage* loss. us already Munitioned (foot-note, p. ‘I'll) 
him been shown to very complex • # 

A rough an^ ready empIVical formula wln^h gives*reawmaldr values for 
the total watts from llw frfction of two beanjg* and ffnni air resistance is 


where W a 


watts •- <H)b(>5 I^Y 

* weight #f armature Jtt lb. and .V >revs pe-r min.* 


| 17. Additional liases under loud. — Die sum of tlie losses, 
measured at no-load, will) the addition of tti£ calculated D(R.4- R t ) 
loss, when used to calcifiate the efficiency under load, gives an 
efficiency which is recognited as " conventional ” since it is usually 

p * 

1 J&urn. I.EJi., Voi. 44. p 248, See^lso Dr. Sumpmir, The Testing nf 
► Motor Losses," JoutH. Vnl. 832, when; tht same principle is 

described and employed in a ^lightly dllfr-rcnt form. m # 

“ E.T.Z. t. 916 (Fintj): » Elicit. Eng , Vol # 32, p. 318, See afcui 

F. Hornu. Ef.Z., Vol. 39 [1918), p#43S. * 

!•—(SOUSa^ 1 * ♦ * 
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higher than the true figure. The difference between the actual 
Josses under load and the calculated separate losses is are additional 
'' t stray loss,” or'as it is often called ” 16ad loss,” which in contiirtfous- 
current machines is )o be attributed to— 

(!) the increased hy^|jres’s and eddy-current losses in the'core 
and pole-shoes due to the distortion of the field by armature reaction 
under load, which raises the maximum flux ; density in the teeth 
and alters the cycle of changes in the iron, 

(2^ the inert ased eddy current loss in therwindmg and slots at the 
pole-tipi, also due to field distortion as explaincdqn Chapter XXI, 
§ 21 ; nnd 

(3) secondary commutation losses, due to additional currents 
in the brushes, to non-uniform distribution of the nitron' over the 
cross-section of large solid conductors under the action of inductance, 
and to losses in the iron from pul sat ions <( the field set up by irregular 
commutation. * ‘ 

The amouift of this rxtrft " load loss 11 can la: measured directly 
by methods given by Messr?. lCrlam and Page and by Messrs. Olin 
and Henderson. 1 The latter observers found in several machines 
with commutating jxilcs that the actual losses at J, j, full-load, and 
25 per cent, over-load exceeded the no-load core loss | the calculated 
/•J^loSs by about 10, 30 , 30. and 40 percent. respectively. The 
difference which is thereby made in the calculated efficiencies ranges 
from 1 to 1J [xt dent., wbieh must lie taken into account when 
close calculations are necessary. 

. g 18. Efficiency test by the Kapp-Hopkinson method, -r-The 
efficiency of a dynamo, or the ratio—- 

power supplied from the terminal* nl the dynamo to the external circuit 
power Kiven to the shaft of dynafhn by tlic prime mover (engine or belt, etc.) 

is often calculated on a “ conventional ” basis, as in §§ 10 an<i II, 
by adding the v.yiolis.losses in field, armature, and friction to the 
output, and dividing the output by the sum of output -f losses. 
But, for tiie masons given in the preieding section, more reliable 
results are only to 1 lie obtained by direct measurement of the 
efficiency a In cases-where the dynamo is coupled directly to the 
engine, the [tower indicated’in the engine cylinders, less the portion 
‘ of this power which is washed ,in the engine itself, gives the brake 
horse-power supplied to the dynamo ; the results, however, of such 
a method of calculation cannot be regarded as very accurate, owing 
to the difficulty of ascertaining the exact Value of the waste in the 
engine. Another method is to transmit the power from the prime 
mover to the dynamo through a transmission dynamometer which 

> Trms. A.l.E.F... Vol. 32, Part; I, pp 524 and 480. 

* Cp especially Dr. C. V. Drysdale, Eng-neefing. Vol. 80. p. 678, where a 
method of testing giving very accurate results is describcu. 
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registeA the power-passing through it; unfortunately, such a 
dynamometer when* of large sire is both costly and difficult t» 
tnsttag^,. and, farther, docs not admit of very Accurate rradimgs 
being obtained from it. A much more exact snethod/s that due 
to Or. Hopkitison, 1 by Much two »iijiihlj(fcn.ichincs arc so coftpled' 
together that the one acts as a motor driving the other as a dynamo. 
The output frgm tlfc latter»being returned to the armature of the 
motor, supplies the greater ymrt of the povycr required to drive it ; 
and it is thus oafy nacossary to supply to the ir*>tur from’ Sony* 
external source ghc amount of power expended in the iosS-s within 
the two machilfcs. As this is hut a small fraction of tie total 
power devefpped, it is more easily measured on a transmission 
dynanmtneter, and even a large error in its determination, since it 
only affects the comparatively small item of the waste power, 
produces hut slight error in the result. The only objection to tlif 
method is that it mpiiPes two machines of exactly similar sire and 
output. These are driven at their normal speed aioftpproxiinalely 
at their normal voltage ; the field oKonr. M. is, however, slightly 
weakened by a rheostat iu its magnet rireuit, so that its internal 
E.M.F. (/:,) is less than the terminal voltage (I',t of the other 
machine 1); hence 1) sends*.i current through M as ajunlnr, and 
by means of the rheostat the amount <ij this ctirrent is tegulateif 
until it corresponds to the normal armature runviH <>( Either 
machine. f.et IT • the total mechanical jxiWcr in waifs supplied 
from an external source to the motor armature, and I - the dynamo 
arrypture current which is also passed through the motor armature^ 
the fields of lmtli being separately excited. Neglecting the has 
over the connecting leads, winch can Ik- made as small’as desired,* 
if we deduct frofn* IT the losses ut the armature and brush resist¬ 
ances of 11 and M, tin- remainder, If - /*(/?,„ -)■ /?„„), is the total 
lc*s by eddy-current*, hysterrsis, and friction in the two armatures. 
The field of the one is stronger Allan (hat of lift other, but if the 
IvM.F. of I> is made slightly greater, and the E M/. M slightly 
less than the normal •voltage of either machine, the error will Ire 
very small*when this Kiss is assumed fen be cqtlally divided between 
the two, so long as the machines are pf suefi sine. say. over 30 kW, 
that the efficiency of each is'not less thaa about 90 pfcr cent. Jx-t. 

, 1* n{R.„+Rj r*‘ 

2 • 2 \ 

then the commercial efficiency of thee dynamo is t 

^ = VJ + />/?„„ )’ Up. + V, t l n ■ ■ (Z4,) 

1 A description of this jnfthfpd is tH b* found in Dr HopdkfnAon a paper on 
" Dyn&fOf Electric Machinery*' Dh%l Trans.. 1886. reprinted amonj hit 
Oriflnti Pf fieri oft Dynamo Macf^ntry (Pitmaq), p. 1X2 fl. 
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V n ln being the watts expended in magnetising the field of the 
dynamo. Where it is not necessary to obtain Such 'great*accuracy, 
pa»t of the armature current of the dynamo D njay also.b* ilSed 
to excite thy fie Id-magnets of Ixjlh machines ; in this case, assuming 
the tfiachincs to be shunt-wop ml, if /, -- (lie sum -of the currents 
and supplied respectively to the armature and field of She 
motor, the efficiency of the dynamo is« 1 < 


f 11 . ’ . 

* . IV, WAV \ I?l \ v,»„ - 

I 

* • 

wilt;I 1‘ ^ ] (^Ht> i *SJjr) 


(224) 


It is convenient in carrying out these tests to couple the two shafts 
of motor and dynamo rigidly together, in one line ; hut it should be 
rtmtarked that when this is done in the ea** yt machines intended 
for licit driving the loss by,friction in (lie bearings may not reach 
its normal amount, since the pull of tile licit corresponds to the 
transmission of but a small fraction of the normal |lower. On the 
other hand, when the motor and dynamo are coupled together 
by licit, ait extraneous loss of power in tending the hell is introduced. 
. A furl hei* improvement ol the above liielhod due to l)r. (i. Kupp 
musics m the use of a lliiftl dynamo as the external sourer whence 
the waste* of energy in the system is supplied Ibis auxiliary 
dynamo need lx- of bill small si/e, anil may be coupled either in 
stiries or preferably in parallel with the two marhiacs which are to 
be tested. When the method is thus modi lied, all the measurements 
can he luaijc electrically by one voltmeter and one ammeter, and 
'further, as regards the efficiency of the lwii L an natures, great 
accuracy in the calibration ol file instruments is not of such vital 
importance. 

lug. 4it4 shows fiw series airuifgomcut, in which the auxiliary 
dynamo A adds volts to the terminal voltage of the dynamo, and 
must be rapalild’of carrying the lull current yf the niachines to he 
tested. The voltage of the auxiliary maching. being approximately 

* « 

lolal Jijssts fci (lit' two giilrlunuH 

* r , 4 rtnuiliirr uirmit 

*«>. »• r 

will lie from 20 to 40 per cent, of tilt; voltage of either dynamo or 
motor according to their efficiency. The field of the dynamo I) 
must be weakened by the rheostat r, and the two-way switch enables 
the observer to read in quick succession either the combined voltage 
on the motor (V„) when the a An is placed on contact a, or the 
terminal voltage of the dynamo {V,) when it is placed on b. If the 
dynjjmo and motor are both separately rjsdtiM from aJourthdynamo, 
and / lie the amperes parsing through the system'a< reqd on the 
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amnielt r, the power supplied to M is t"„/, while the power obtained 
from D isj',/, , The.voltage of the auxiliary dynamo is •• V t , and 
tbgijxmer added by it is I (I'„ I’,). The cuml lined efficiency of lilt- 

♦ • r / t » . 

two armatures of M and I)is thus - - 1 . and a clr*« approsi- 

• * ^ ^ IN ty 4 » 

nation to the ofliriency of tudi M|>;iratdv is 1/ J 1 . A small 

• * A * 1 ** 

percentage error in the voltmeter pimhuvs hut little error in the 

■ 



result, si nee tin efficiency is only proportional to tin- square root, 
of tile voltage ratio The fourth dynamo employed for separate 
excitation of the Helds may also he disp osed with by tin- arrange¬ 
ment shown in the diagram, but in this ease*the sysl. ni must he 
started by means of the. switch* and reM-t .1 Iiee ^narked li. When 
the arm ol the switch is placed on the contact fay In-J to the left 
at starling, resistant' is inserted iij series* wilh the armatures, 

1 and sntlicient fall of*]>otential is oUained fb pass a small shunt 
atrrent through the two fields in orde|to supply an initial excitation 
mid start the iflotur. As tire sjieed risPs, the arm is?brought yver. 
to the right until all (he resistance is eftf mil of the armatureyircuit, 
while its presence in the slmtil circuits will produce little effect. 
In calculating the efficiency, allowance rilust then be made for the 
fact that the dynamo ryroature is carrying not only*ij»own shunt 
current buP also that of the motor ; liem.e, as in expression (224). 
if /, = / the combined efficiency of dynamo and motor is 

'.'v , and thf? souare rofit ol tlus give* approximately 

y + h»^«« , ■* . » 
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Ihe efficiency of either machine; or, separately, the efficiency of 
the dynamo , . „ 


,'JVl__ .... Vi • , 

outputofmotor V m lPR M - i/2 


and fhe efficiency of the moter' 


= VJ-l*R aH -LI2 

VJ + 


I 



Flo. 455. Parallel rktriral .irraiif«rmoiii of Kiipp-ttopkimum 
u/ltcionry test. H 


where /. = the watts added ■by the auxiliary machine minus the 
'elec,deal losses over the armatures and fields of the dymiYno and 
motor. ’ 

Tile iKirallel arrangement is shown in Fig. 435, and it will be seen 
that the auxiliary dynamo A'adds amperes to the current from D 
which passes through the motor M, and that it must be capable of 
giving the full voltage of the uychines to be tested. It is now 
the field of the motor M which must be weakened ty means of 
the rheostat f, and readings arc taken of the amperes in quick 
succession for the two positions of the arm of the l-vo-way‘switch. 
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When this is placed on the contact a, 'the dynamo current is read,* 
exclusive of its own,'shunt current, and, when multiplied by the 
vol{£ on the voltmeter, it gives the not output ,of the dynamo.* 
\Wien \he two-way switclt is placed on contact 6, the ammeftr. 
reads the motor current inclusive ot the shunt curiwnt of the 
motor, which, when multiplied by fir., volts, gives the total input 
to the motor. The. combined elhciency of the two machines is 
then IS-. ami the cfhcieficy of each machine is vary closely 


l l <t ' ' ' 

I = y j—, the vdltagc wing 


maintained constant firing the shork 


time necessary t6 take the two readings of amperes. The system 
is started by means of the switch and resistance K, with the arm 
thrown rjver to the left, and the same switch hill also enable the 
voltage to be regulated to the right amount il tin- auxiliary dynamo 
gives a voltage slightly higher than that of tin' machines to be 
tested. In this arrciiginnnt, a small |ierreiilagc error in the 
ammeter produces an almost negligible error in tlw result. 

In both eases care must he taken ttfcensmc the Connexions to the 
fields being such as to cause the one machine to art as a motor and 
the other as a dynamo, and any change of the rheostats must be 
made gradually, so that it., effect on the system may not be 
masked by the inertia of the revolving nmiatumii 1 

§ 19, Efficiencies of continuous-current dynamos. - In big, •136 
are given the efficiency.curves of two small machines fwr various 
proportions of their full-loads. The exact sha|>e of the curve de|>eiids 
upon the relative (uojKirtions of the constant ami variable losses, 
Thus in H 1 OtJO kilowatt traction generator, the two are nearly cijUjd 
at full-load, each lieing about 3 per cent, of the output,, and giving 
efficiencies 

at lulMoai) >if 94’.s "pci nail. 


941 


.. i tW „ • . 

1 .. 87-7 ,. 

• • • 

Fig, 437 shtiws the efficiency at full-load licit iftay la- obtained under 
• ordinary commercial conditions with machines of different outputs,* 
From this curvy it will lie, seen lluif the efficiency jncreases but 

1 For a full description of tlwsc two .nr I Xftf-, « a ]>a|v-r hy <#. Kupp on 
“ Tbn tJetmn) nation ot the Efficiency ot llpumwi," lilnlr. /;»£., *Vot. St, 
pp. 87 and 102 (1892). Cf. E. Wdson. KUttr. !•>>( . Vo! 32. p. 432 ; and tor. 
the extension of the llopkinson principle to the testing of a single continuous- 
iiirrent multipolar machine, VV. J.ulofs, /Jura Vnl. yl. Ji 150. The 

limits of accuracy in inputfoutpul tests of efficiency, chiefly el synchromms 
t motor-gcnerArrs, are t!liC'.isMsl in Trout. Atner 1 H E. Vo!. 32, Fart I, 
pp. 525, 531, 551, and pp. 628 (f. • 

• Cp. R. Goldschmidt, Jo uru. I.E.E. Vol 40. p. 455: and for <lcta.ted 
curves of efficiency ami Jotsea in a licifleir* 1500 ItW generator, kq Elicit. 
Eng., Vol, 42. p.*J5. « 
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• little after aft output of sdrne 75 kilowatts is reached' £nd that 
for outputs above those of the figure the curve will become nearly 
.flat at about 94 to 95 per cent. Any'such curves arl, however, 
greatly affected' by conditions of the design, aad in especiaf iy 

f 

. Percentafi • * 4 

EfKciine* 



Eniticncy. 



» ► 

tlic speed, a low-speed machine Wing in general less efficient for 
the same output than one which runs at a high speed. For a 
given carouse, the losses ill excitation and pvcr the armature resist¬ 
ance remain practically the same whatever the speed. The loss , 
from hysteresis, friction, and wihdage Wars a nearly (jonstant ratio 
to the output and the only los$ that increases faster than the speed 
is yiat from eddy-currents in the armature or pple-piecgs. The 
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* ’ ' « • • * 
output ifself rises nearly proportional!} with the speed, so that, on • 
the whole^within orffinary limits, the higher speed is favourable 
•to y^p efficiency. There is, however, for a given yrm.it u re with a* 
given binding a»certain speed at which the efficiency reuches*a 
maximum, the assumption being made that the increaseohthe output 
with increasing speed is simply du£ ,o an increase in the volts; 
thi^speed is reached,when the loss by eddy-currents is equal to the 
constiht lossesnn the coppef resistance of the armature .and field- 
windings. 1 Surl) arfact is, hihvever, of little assistance in the piyxrss 
of designing a machine‘in the first instance, since if pivsiyijxwes ;w 
fixed copper loss*. Tor a constant terminal voltage and s(«'ed, and 
given no-load losses, the maximum efficiency is reached when the 
variable loss* proportional to the square of tlu' armattire current 
(t.c. practically the losses over the resistance of the armature, brushes 
and scries windings) are equal to the no-load losses, but whether such 
a value for thrvarinatury current can be reached dejx’nds upon tlic 
limits set by heating and sparking. In ckirtro-plnting dynamos, 
owing to the large proportion of the total voltage'which is lost 
over the contact-resistance of the brushes and other ninnoxious, 
and also owing to the considerable friction loss hum the numerous 
brushes, the efficiency is necessarily low ; e.g. in a It) kilowatt 
machine giving 4 volts and 2500 anijs-res, the ylli ion<*y may fall # _ 
between 60 and 70 per cent. Very small dynamos an' unable 
to excite themselves owing O' the rompanrtively large air-gap 
required for mechanieal reasons, and when separately excited, 
the excitation watts may Iteroiiw equal Jo the output ; hence 
in i^ry *mall sizes, as in models, nil mine ter generators, etc., a^ 
jiermanent magnet is employed. 

i 20. Weights ot continuous-current dynamos. Tor purposes of* 
rough calculation and with a given ty*l«‘ ol dynamo the weight may 
often be taken as proportional to the two-thirds power of the watts 
per rev. per min,, or ll r c (ir/.VJ* 11 lb., and c fiqji then stub values 
as 200-170 in the ease of multipolar machines with slotted armatures, 
the weights being cxclysivcsof that ol the liedplate. r nn*proportion 
which the Weight of the armature beats to that of the entire multi- 
* polar machine rises gradually from 2(1 percent, in smalt to 42 in 
large machines, ^uid averages about ix-r cent. Correspondingly 
its cost as compare^! with that of tin* wlyJt* machine is comparatively* 
high, namely, about 45 per /ent* • 

The above approximate {infanta for the weight may in the case 
of large machines with /A*,/-, > 19,000 Ire also expressed as 
25 {D\L ,)*» since te/.VVill then be =? U\L,j\TS finHn the case 
of smaller machines the weight is*pro[>ortional rather to the three- 
fourths pow*r of i)*/.. If the output A If be taken as proportional 

1 A. Grtjansudh AVrrlririaaJVol. SU, p. 401. 
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■ to the fourth power of the linear dimensions, and the yeight fV 
as proportional to the third power, wp should then hpve 1 
\ ■ Woe (W) 3 ' 4 „ -t: ‘ 

L 21. HofnopoUr dttisn. The E.M.P, of » liar.— 'The design oi the homo- 

■ con ti ii irons --current dynamo, ^whether of the axial or radial tyj*, is 
dominated entirely by the maximum peripheral speed of collector ring at 
which it is considered practicable to collect the current without jpariting, 
unduo hearing by friction and fmm electri<rvl causes* or excessive*wear of the 
collector rings. As explained in Chapter VII* § 2, tho vrhoJtvof the flux of 
each magnetic, circuit mujft pass once through the sct‘M collector rings at one 
#nd of tluj armajire. The total flux that can be^sed is therefore dependent 
upon tliircr^ss-scctmnal mn .%1 of iron within the rings* and the flux-density 
at which it can tx i worked, In a word, the total flux is * 0 * dependent on the 
diameter and length of the armature core proper. 

J^*t the maximum collecting sj>u-d in feet per minute that*has been found 
to be feasible 1 jc 

v/.-rli/N 

1 2u ^ 

no tliat &* or tho diameter of tile collecting surface in inches is Then 

in the axial type of machine, taking into account the supports and fixing of 
the rings, the (jf under of the sjrel core within tho rings cannot be more than 
about MO i*ir amt. of tho diameter of the collecting surface, or rf c —> 0-8<i r '- 
The area of the steel, assuming Shat there are no axial or radial ventilating 
holes in it, is therefore 

ntf* 0-64 x 144 x ft 1 /) 1 

T “ *.«• + "■ 

n If is ttu' 11 maxi muni permissible flux-density per sij on in tlie steel, the 
possible Mux through the rii^s at uiu* end is 
‘ 0« X hi I 6 45 x (>•/)» x B ? 

* 4jr.Y* * 

and twice this amount through the two ends of the double magnetic circuit 
type, which gives • 

0 «4 \ MH :< iv r yH' * * 

Afi 

The highest (possible voltage obtainable from a single ur from a complete 
cylinder concentric with the shaft is Urns f 


<i> a 


, A r 
" 60 


to -is^axto- 


!»-• volts 

M 64 x 2 47 ;< (e r V W, 

N 

or less if there arc any ^ir-dutU through the Atfd voder the rings. It will be 
seen that for a given speed of prime mover (lie possible voltag^from a single 
Ixrr is fixed by tlie flux density under the rings, and by the .square of vJ.% 
The limiting condition for the voltage per bar is thus for a given value of B f 
the peripheral,collecting spec«J and not tho tycriphcial spe^d of the armature 

4 ( 


Cf>. Prof. M. Vidmar, ft'.K.J/., Voh S3 (1918). p. 149. 

1 Mu tat is mutandis, the sainn conditions alsa apply to the radial type. 
If the'line-^tljng length of the disc is 0-64 of the radius, which is not ux 
from the case in practical designs, the maximuln voltage frojn a single disc 

10'*. But in*, his type B f and its,average value 

must be taken^.sinre from the usual potion of the exciting coils the density 
decreases somewhat as we pass from the periphery toward the shaft, Further, 
p/ e also practically e<pial to the peripheral Speed of the dfc. * a 


0 79 hV) 1 ^ 

Ifl § tt * --ijEJ--C X 

N 
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The nuro ler ol bare and of rings at each end R of course K:t. and it u evident 

that a high number of revolutions per nun., as when a steam turbine is the 
prime mover.Xs a positive disadvantage in so far as it increases tlu- nccwmry 
n'umhM of rings and the length id path through the Mill within them which 
must be worked at a high density if the machine is to give its greatest outrun* 
U B t over a short length of path be taken as high as ^ IH.uOU, then with <i. 
assumed as above 0 8<*,*, < , " , 

* M,tU0 .. 
per min. t • - volts 
A 


for i 


- JO.000 ft. 


1 20,000 


114.000 , 

’ - volts 

• A 


When the speed may be* chosen at will, a decrease in thf revs 
will decrease the number of rings with their expensive outfit ' ' 


; revs wr min. 
ol ^fiwirn, but 


a limit is soon set to^hc economy in this direction owing to the mut ur si eel 
of the magnetic circuit becoming too bulky And heavy’ anif iiiiumruially 
too expensive. • ' B 

The greataveight of the homopolar dynamo in general ha* in furl Inou urged 1 
a* an insuperable objection to its use. Hut when comparison is m.idt: ol its 
possibilities with those of the commutating tUmium for ,\ given turbine »|vn! 
and an oul[>ut wtych is still within the reach of the commutating dynamo, 
it will be found that the advantage or otherwise of the homopohir iiduily 
turns upon the number of rings ami brushes dial the dt-Mging ami user are 
prepared to regard as a feasible projxisiiimi , Tor, as will In* seen later, it ts 
the number of rings that lives in praclice^lhe value that can U* assigned 
to the uniperc'cumluctors per inch «f ndor imumlt n-iKV. 

$ 22. The output of homopolara. - It J ■■= the current carried by any one 
bar, Z •-= the number of bars or of rings at one end, and ac - llie ampere wires 
per inch of circumference of the afmalnte, ]'/. ■--- ac. rr/\,. ami ^h<* output 
of the machine is • ♦ 

MiSfe/} 1 h r .ai Kl\ 


t JZ - 


S' 


10 "' 


This shows incidentally that the output is in no way delAininixl by the length, 
so that a machine having a given se> (imi amt length cannot b- made to yield 
double the output by doubling its length. Ily (hie Jivture I lie n.iititiimus 
current lioifiopolar is sharply differentiated from the bciefiifmtar machine. 
Further, the comparison of the value*of R, . ac in the h*jino|nr|:ir and hrtern* 
polar types is entirely fallacious. The values of Il 0 may In* nunlr higher in 
the former than in the Witter machine, and »► equal values might be obtained 
lor . ac. Hut thi? uutjiyt of the hmnoffrdur is nut pritUrihiy dependent 
upon the value of this product. 

.V*. The impere-condaulora per unit length of circumference. - The passage* 
of the flux through the rings having o^ce tx-en seiyn-d. lice two dimensions 
of the armature core have- theoretically only to b? s<j i lv *"-n that the density 
B g of the main flux in the air-gap and the circular magnetization oi Iho will* 
ducting cylinder have praalicalmi values whnli are pi *|K:ify related to one 
another. • ^ 4 t 

• So far as concerns the proper relation th<:*e two cj nan titles, since 

the circular M.M F. of the cylinder acts nit^MTiteinric path* whose leiigill* 
are dependent upo%th< diamcU r*nf the drew liars. armaturys of different 
diameter will roughly have the same rfh-cl 
realsav 


ire.® <d 

ism 


main ladial flux of density 
in pro]x*rU«m to it** diameter, 

The diameter rd the cylinder formed 


B g . if the amgcrcs of trf; cylinder are als^ v 

i.6 -—or ac should be ? constant. 
nD 

by the rotor bare can never ttf- lea* than but it may 1* greater than d/, 

it the b?r* a* they leave the ^Electing rings arc* cranked eutttifiti, and this 
could be donepntil the final diameter of the core teaches the safe limit of 
surface speed. If ac were strictly cousin nt, this would, fr*>m the equation 
of the precedin^section, be an advantage as im waiting the permissible current 
or the number of bare. * # * 

4 A» by*D*. Pori. Jour*. I E%„ Vol. 40. p. 247. . • 
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I M. FaJnn of ac in jnw&sft.— a raaltw <rf fact the vaiues of ac in. 
miiunes tliat have been commercially built are not only much Idwer than in 
hctcroiK.hr direct current machines but shew very wide variations, ranging 
from 100 tu 500,ampere conductors per inch of circumference. ThisJjck Of 
uny approach to a constant value fur ac is partly due tc the diflereftt utiwber 
of rings that the different voltages have necessitated ; with a large number 
of, subdivisions of the inducing cylinder the* length of the collector must 
necessarily t>e increased by thexlivisions between the rings, unless the widths 
of the ripgs and the amperes an; reduced. LJut still more is it due to«differ- 
cnces in the methods of collection. In one machme with a camparativety 
low value*for v* the current may perhaps be collected at as many as 16 points 
on {lie circumference of vac ft ring; in another machine with a higher value 
of v t * there might Ijc excessive wear or hoatmg ,, from friction unless the area 
of brusP surfatf; per riyg and consequently the ampereconductors per inch 
of circumference arc very much reduced. Or if the rings arc not artificially 
cooled 1 'rind thr^ime amperes are to Ixr collected, their widths and consequently 
the length of the armature must tie greatly increased. Tlu^best proportions 
for length and diameter of collector and the values to Ik? selected for ac and 
v r ' are tlierefwre a matter for adjustment and compromise in each particular 
case, the best value for tit Iming greatly influenced by the collecting apparatus 

$ 26. The (Uameter and length of armatue core in homopoiari. Nothing 
has so far lioen said as to the actual dianietev apd lengih of the armature 
con? proper, lint since 


rt/17. 


a as *• //„ 


UH ■< {r r ')'H r 
■" .V 


their product must give 




7*:i 

A» 




It is, however, of praelieal eenvrimine that the bars should run nearly or 
quit'? straight through from the collector rings into the? slots or tunnels, and 
in this cnjse the diameter of the run* is usually not far from equality with the 
diameter of the ndiet ting surface />„ may Ihe.i In* approximately taken as 
equal to J r ". Jht iKv it results Unit 


0*64 v 1-91 - 


0.«4 rf f 


and if 


*r 

l_ 


1H.1IOO and /?, 

0*675 d; 


or a litth: 1 more Ilian half the diameter of the collecting rings 

Very high densities up to 15,1 Ml can lx- used without undue loss from 
hysteresis and «sldy currents, but their practicability dependsupon the air-gap 
lxuug perfectly ^inform ami bring maintained so. As soon as the bearings 
wear and the rotor Wcotm-s eccentric with the stator, the nr gap density 
becomes unequal, the ’core loss is increased, anti the rotor suffers a strong 
unbalanced poll. r ' 

Lastly, still retaining f) M as Approximately d/, it is interesting to note 
that the watts per rev. jk't min or the specific torque is 


-£-«©"<•“' l0 “ 

« !>-:I4^# r v B+.at X |0“ # 

where it must in* observed that if r * varies inversfly as A’ if the same permissible 
collecting speed which is the Ixisis \\f the design is to be retained 
| 26. Efficiency and dm of homopoUrt. The proportion., and locations 
of the different losses in a homopolar arc entirely different from what they 
are in a hcteiflpolar dynamo Tin? rflajnr part-of the loss is in the collector 
rin^s fnun friction, electrical contact rrsistciice, and windage, while the core 
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losa from hf-rtcresis and eddy currents and the I'R loss can be brought to a 
low figure. 'Ole over-all q/ficiency is practically the same as in a commutating 
dynamb. 

ThMuBibsr of rings of the homopolar aflorcis a ready means of obtaining ' 
a ntftnbeV of different voltages from one machine, so that they can be used 
directly on three-wire or five wire systems as combined gene^tors as:I 
balandera. ’ • * • * 

| 85. Thi future of the homopolar.—In vk“v of tie- fact that a high number 
ot re^3. per min. has bocq shown to be a serious disadvantage ns increasing 
the numticr^f rings for a given igiltagc. it may hr asked wlmt jujti heat ion 
there is for the .common Ix-lud thaj the homopolur is pre riuinriitly adapted 
to the high speeds n( Jlft modern steam turbine, fhe truth underlyingathis 
often-repeated statement is that when cnee the collection oJa large eurrrnt , 
fr<im ooe ring at a guMurnlly high surface speed has U4ti satislactoyilj^enin-d, 
there is no further difficulty in reaching very large mnliiiiious-iTirrent outputs 
at voltages as high as (hit) ainl with mac]lines of reasuiulih- stre and weiglil 
hy a sufficient iAiltiplicutii>n of tin* minder of rings at each end. On flic 
other hand,An the case of the liulwi thiMiun w-c are met hv ill** 

real physical iliflicnltv commuting lar^r nirrmts a I very luf;h 
which dm 1 * in practice prevent llinn from h iii^ bind 

§ 28. Coll ectiD^*g ear at high fc«eds. "hi-n tin p.n.titioiml unporian.t^ 
of Vf in homojxjkir iIviuii*>stkis Iwimi npprr'ci.itnl, it is tu*| Miipttsmy dial 
the ingenuity <4 inventors has Ihvii tmn li excised io ruisr Ju- priTinsNilile 
collecting ji|nvil tu tin- hi^hi'.st possible value. 

In the till it hi lu* niviriK IfuiMJ kW, 260 v< *fl\ 77»u um|vn*>> ;»t I2H0 irvs. 
jxr min., which lias already Ivi'ii mentioned in ’ li.tplu VII, cj 6. wilU a wotted- 
ing SjXTfl nf It. jut mtlt , lirii*<h«*S o[ very dim leaf copper o|i copjx-r 

spring-support or! wearing rinj*s l*i*i■ /omul to ^ive tP l«* lx-si results, tu prevent 
Ihc accumulation of rlusi at the knl?s of ilia brushes fin* rin^ woie inn against 
thr brushes. 1 Si\|iVu brushes of (In* full width o| if# iuik Till inches) 
oilli’iWl tlir total turn 'lit of 770fi jmiiere.s from* a. It of ih»* miiijs, of whnh 
there were |f> in rill, .nirl hi «onliiiiiufis vrvu i- no Imi^is a jjooil polish* was 
maintained r»n the nii^, llt<« aver-itfe wear w.is Ions tIi*m j n» pr r*year. 

l>r. J. I *. NiK'^iTsUli, whose jniju rMi " Any* In ■.Homopolar) liyiiiiiititt," 
descrilun^ a 3lH>k\V 5lJii-v*o|l m.u him*. a^uiinlin < hvl aili-nlioii to the subject 
in 190|» lia^pushcd tile Millet dim spr « «l lip In .In llllli h :is JlMHin ft. }NT min . 
laminated mot a I brushes 1 m - i 11 ^ employed on sire! rm)*s 3 A later m.u Inin* • 
oi 20011 k\\ r , <UHl vi*lt>. hud IS indue mj* ku> ainl !)H uu^s Tin- t Ui'Ves id 
btush losses of this 1 4 nul ulhrr mat hnirs Imw 'fliown lh.it llir tf.lal Itissrs. 

electric ami InctiMiial, aP'.jN ctl.h ulmw WioO ^ |i* i rum not iiurtnsr miwh 
with increasing spci-tl, wlu8* tin- mcroascil vt-nljl.iinm is ol jjnMt value in 
rtKlncing the totnjvtiituTi* rise of llv riuus ; Urn m* feast c| umwd resist aiue 
loss ft* juat tit ally k'llaiiui'd by a ilci rr.iMil fiuinaj Ionn • 1'iirihiT Iju 1 IrnliiMi 
Iosji rk-cn-asrs with lui!lior t urprnt ilciisfcy rrvr i ill* *l'riisf§ smfari*. ami simi' 
the cn n tuct-resist a lice hiss is imi ilirrebv tin re.»s«i1 in jirri|>oriiriii. a burly 
/ugh current-th-nsity of UJO 2 iH) imp-rrs jri unhi |ir.u toialih' A hinh 
brush prtssurr_of lb ]H-r # si| inch is louiuJ to k a*Jv*K.:blr 

Mr. K. 11. Tvirlxmr* has fnijiloyetl jfroovi'il^slip ruiKf i nibrai <-t| liv flexible 
wire^ mailt up of a sirnmlnl i upper om’ wouimI •v^ i wuh an atTiiourin^ fo 
•protect the irutv ln*m wear. Tin pressure oftltr wire uu the rm^ mum 
tainetl by a<J)liSlabl^ten*tinit sjirings. ami a httl® lubri* ant wvis *f ailvaiilagf*. 
The width of each ri»K Jo ia*llei:l 5IHI ;imjN»t-s w^only | ifn h. 

• _• __ » 

1 B. G. r^imnir 1 . fraus. Awfr / A/i , .’fl, fhr|. N, p IK2S W. 

» r«»*. Amer. I.KJi . V j. «, J. 1. * 

* Further particulars of thf practical lojistrm ti**n «<l the iC <k*ner»l 
>Electric Co/s nomopoiar dynamos an mrn by Ik. Noi'i!i!CTath m Hied* 

World, Vol 52-iv 574. r 

* Plotted by F. \V r Mops anil J. Mould ill ]»*ttrn l /: /v, Vu|. 49, p 509 ff.; 
compare Also P. J. Cuttle amhj. A. kuftieilord, Jourti. i s Vol. 45, p. 679, 

* Ettgin&nxg, V#|. 92, p 3187/911). ♦ * 
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In the case ol a radial type ftf homopolar dynamo a drastic solution of the- 
problem of collection has been sought by Dr. Boris von Ugrimoff 1 in the 
employment of small hatchet-shaped kni^fcs imiherted in tfiercury. Tlja 
mercury by centrifugal Jurcci is carried round the inside of an overhung annular 
groove nn one side of the outer rim of the disc, and tlfus covert the edge of 
the knife \diich is arranged at the top of the disc. Water is also fed into the 
grqpve, ana a layer is similarly tarried r<iund*whieh cools the contact edges 
of the knives and is then <lra\ln off after it lias Income heated. By this 
arrangement a collecting speed of 53,1100 ft. per min. was reached, and from a 
disc of chrome nickel steel 2H-6 inches dim;. with a inepn tliaftteUr the 
centre of the field of f6j inches 40 volts were obtained at 7700 rev*. 
j»cr yiin., the mean line-Putting speed Unity 33,500 ffrpcr min. 

i • ' , 

1 Atbrilsft aui dem J^rftfrolrthftisrkni Institut zu Kar&rvhe, Vol. 2. p. 166, 
abstracted iu 4’wA r *«rrri«g, Vol. 02, p. 265. 
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THE WORKING AND MANAGEMENT; OF cnSTIXI (it s i tVlU Sfe 
. dynamos' 

I L W» Interconnexion of dfnamos. In many i\i*es it is rcipiin-d 
to connect two or mere dynaiflos to the stum* pair of mains in wi der 
to increase the amount* of electrical energy th.it edn he ^applied* 
to their comtnois circuit. If the dynamos’are coupled together 
in series, although the maximum current that ruSy lie'passed 
through thcmls no more than the nirrent permissible in the smaller 
of the two, yet the available voltage is increased. On the other 
hand, if two dynamos of the same voltage are coupled in parallel, 
the total amount of current .-an lx- increased, although the terminal* 
voltage remains umliaiiged. Any such coupling together of 
dynamos must necessarily lx- so arranged that the working of one 
dynamo does not interfere with the projx-r working of the other or 
others; and as this requires certain precautions m their inler- 
connexions, the more usual c^ses wliieh occur in practice will here 
be shortly considered. , * „ 

S 2. The coupling of series-wound dynamos in «eridb.- t The 
simplest ciuse is the coupling of two scrie.s*wniind n^ilmiiuus- 
current machines in series, To effort this, it *s only necessary to 
connect the -| terminal of one machine witji the - terminal of the 
other fh* external circuit lieing then connected to the remaining^ 
terminals of the pair. Such an arrangeineiil is not unusual in 
cases of transmnyiyn of jxjwer over long distances, where it is * 
necessary to work willsjiigh pressnre#iii order to coinhinc economy 
in the first cost of the copper leads with a high efficiency of trans¬ 
mission. It has been already mentioned tjpit Vie delii.rle proeess 
of comtimtation hardly permits of more than 4000 volts HIM) 
amperes, or possibly 5000 vplts 100 amperes, at thotu 250 5(K) revs, 
per min. being generated in any one martimtfljts-currenl dynamo; 
'but by the use of ten or more similaf dyn^ims coupled in scries, 
and each giving^say, 3000 wits, a cimtrimxl Ji.M.h". of 30,000 or 
more volts is obtained oil the exte[pal t tjjruit. * • * 

The employment’uf such a system for the transmission of grower 
(frer long distances by high-terftron direct rjirrent 1 has been brought 
into use by M. Thury. fh the St, Maurice to tausaitnc transmj.ssion 
six turbines are employed, each driving two gcnfTrafos£ and each 
of the latte? giving 2250 volts aryl 150 amperes at 300 revs, per 
min.; beingVoupled in series, the total tine pressure Is 27,000 volts. 

1 Cp. J. S. HigWeld, Joint l.E E, \*ol. 38. p. <71, an.) f»t. 49, p ,848 , 
And nUett. World*r*d knginttr, \oL 48, p. 755. ♦ * 
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In the transmission between Moutiers and Lyons, thi largest 
turbines each drive two double machine.;, a complete set supplying. 
‘l^O amperes and a maximum voltage of 18,250 at about 428 TO vs. 
per min. By this means a maximum line pressure of 75,000 volts 
has,been reached. The turbine is connected to the dynamos by - 
an insulating coupling, and each machine is separately insulated 
from earth, its base being bolted to a, concrete block supporjecton 
stoneware insulators embedded in asphalt with pure bitumen run 
in to" fill up tin; space round the beds. 

( 3. The coupling of shunt-wound dynamos in parallel.—The 
coupling "I two or more dynamos in parallel is evin more frequent. 
I 11 all large installations and central electricity works, as the load 
increases, more dynamos have to be brought into use. without 
interruption to the supply from the machines already naming. In 
such rases, in order to obtain the grr. test economy, each dynamo 
should be worked as king and as closely as possible at its rated 
output : this's last attained if they are all capable of Siting worked 
in parallel, an additional mtehine being switched on to the same 
mains as soon as the load exceeds the combined output of those 
already at work. To connect two shunt-wound dynamos in parallel 
it is simply necessary to join their positive terminals to form a 
rommoij [ and their negative to form a common - terminal. If, 
as is .usually the case, a second machine is to lie joined in parallel 
with another which is already running and excited, or is to he 
connected to switchboard bus-bars fed by other running dynamos, 
this must of course no. he done while it is at rest or unexcited; 
Its armature would then form a short-circuit, ami would present 
no IvM.l 1 ., opposing ati excessive rush of current through its low 
resistance. Hence the in coming machine, 11, .mist lie run up to 
its normal sjx-cd, and before it is thrown into parallel it must 
either lx: allowed ly excite itself to approximately the same volt¬ 
age as that of the busdiars or of machine A, or Hs shunt circuit 
must be closed on the bus bars so as to excite B's field before its . 
armature circuit is closed. If this is correctly done anti the volt¬ 
ages are equal, the armature current in the machine when thrown 
into parallel will lx: a'.t<l will remain zero. In order to make B 
take a share of the load, its excitation must be increased or its 
speed raised, the exact pcopo.tion in which the total current 
divides lietwcen the machines depending on their respective internal 
JvM.F. s and armature resistances. The condition which deter¬ 
mines this division is that, after deducting from the internal K.M.F. 
of a machine the volts lost by the passage of the current over its 
armature resistance, brushes ana leads connecting it to the switch- 
hoard, the remainder or the terminal voltage at the bus-bars must 
be alike in all machines. Thus, if two similar machines, similarly 
excited and run at the same speed, be coupled in parallel, each will 
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take hall of the total current. If the speed of one be now lowered 

,or its fielu weakened, its hirrent will gradually guss over to the* 
Otjilf machine; »hen'its internal E.M.F. falls to equality with'the 
terminal voltage of the second machine it supplies no cuipent at all, 
the whole of the'load befng thrown <» to one machine, and this is 
the^condition which should approximately be readied when a 
maehiac is to he -withdrawn from service. 

To take « nunyrical example, suppose that each machine 
runs normally a; flOOO revolutions an<l is then excit'd with 13,000' 
ampere-turns giving 0. = 4,300,000, and 103 volts ; further, 
that the loss of volts over the armature at the full-load hf 100 
amperes reduces the terminal voltage J'» to J00 volts. If the 
speed of machine B falls, a larger jxrrtiou of the current passes 
over to machine A, The increased loss over (he armature resistance 
of A and the increased reaction of the anna tore current on its held* 
combine to reduce hortt its internal and terminal voltages. When 
it takes the whole of the current, let = 4,100,0001& the number 
of lines that are produced by the 12,db0 ampere-turns due to the 
terminal voltage of 92 volts; in other words, /, 200 amperes, 

and Vf — 92 volts, give a point on its characteristic curve for a 
constant speed of 1000 revolutions. This same Jenniitid voltage 
will, however, in tfic case of machine B which is carrying no (*lirrnnt, 
give, say, <J>„ — 4,250,000, and this flux will givtian internal K.M.F. 
of 92 volts when B is running at 900 revolutiorS. Tims the speed 
of B may be reduced by 10 per cent, before the wiiole of its load 
passe^.on # to machine A, provided that the speed of the latter is 
kept strictly constant. On a further reduction in the speed or 
field-strength of B, its internal K.M.F. falls below thl terminal 
voltage of A, and life latter tfien ilrivvs a reverse current through 
B's armature : the internal K.M.F. of B plus the volts lost over its 
am»ture resistance due to the reverse current tiic tlun•equal to 
the terminal voltage ot .4. 'The etf?ct of the revers? current through 
B's armature is to assist in turning it as a motor willwthe same 
direction of rotation a? Iiefure, wilhojit weijr.inical damage to 
|ny part, and thereby if tends to keep tip H^ypwsl. Nut electrical 
^interaction of the two machines with dtnopiiig characteristics thus 
* exerts a considerSblc inherent influence^ending to eijhalize their 
speeds and loads; slfant-wound dyanmus are therefore easy to work 
io^parallel, and the share of th» current which each machine takes 
is easily regulated by altering its speed,or its field excitation., In 
fact, without interfering tgith the sjieed, the rhcosfftt fn.the shunt 
circuit afford* ready means ofloading or unloading the continuous- 
"current machine to any desired cohort. In practice, when, as is 
•most often the rase, the machine are driven by separate prime 
movers, tl^ equalizing tendency is also assisted,by the mechanieal 
action of t^e prime movers tfjamselves. Thus, when the load of 
ao-tsoMi^sow*^ 1 
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one machine increases, the speed of its epgine pr other prime mover 
'falls and tends )o check the increase, while, for a similar reason,, 
when a machine fails to maintain its fair share of the load, ttfe spaed 
of i^ primfe mover rises, and tends to keepup its E.M.F. 

The use of shunt-wound dynamos in parallel is common in cefitral 
stations for electric lighting : as soon as the lo.ad becomes too great 
for a single machine, a second is run uf> to speed, ekolted t;<5 ait efjtial 
voltage, and switched into parallel wKh the best, the Jame process 
'being reflated*.with other dynamos as oftert as required. When so 
connected, 'they all supply current to a common jrair of "omnibus 
bars," whenci the feeders arc run to the network of mains. Asa 
precautionary measure, a magnetic switch is frequently inserted 
between each dynamo and the omnibus bars; this automatically 
flies off and breaks contact if the armature current falls below a 
'certain minimum ; and hence, if for any .reason a .dynamo begins 
to slow down,, it is cut out of circuit before a reverse current passes 
through it, while its load is Jaken up and divided among the other 
dynamos at work, without interruption to the general supply of 
current. 

| 4. The coupling ot series-wountf. dynamos in parallel.— When 
. series-wotfnd dynamos are connected together it^ parallel after the 
samp fashion by joining their like terminals, we arc met by the 
difficulty*that, if firfany reason the E.M.F. produced by one machine 
B falls considerably below that of the other machine A, then the 
current through B is reversed; and this, since the machine is scries- 
..jvoimd, reverses its polarity. The direction of B’s E.M.F. con¬ 
sequently, reversed, with the result that both dynamos simply act 
in series round their own internal resistances, ^apd in a short time 
would be damaged by the 'excessive curr/;tit. This difficulty is, 
however, at once overcome by the addition of an equalizing 
wire connecting the tyids of the series coils adjuining the brushes 
(Fig. 438). ' “ 

It is especially important that this equalizing lead, b ft’, should be 
of such large area,’ that its resistance is practically .negligible 3s 
compared with the r^sistarlce of either of the series windings. By 
it (tie extremities of the tvCo held-windings are joined in parallel,, 
and the current supplietfop t^c external circuit nows itr the same 
direction through both and magnetizes each equally.. Should the 
internal E.M.F. of machine B fall below the voltage at the brushes 
of A, a reverse current passes through B driving it as a motor, 
but as till! motor current flows through the lead b b\ and does not 
pass in a reversed direction through the series winding of B, it does, 
not reverse B's polarity. If the fall of volts over b b' is considerable, 
a certain ploportion of the motor current may pass through the 
alternative path of b i d' ft', but this is prevented by making b b r 
of sufficiently low resistance, as mentioned above. If it be required 
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to 5witch%B into parallel jvith A while the latter is running, it is 
• neqjjsary, as in the case ol shunt machines, to excite B to approxi * 
mate!/the sam« voltage: this is effected by closing the switch 
K while B.is running, qpd a few seconds later switches' may be . 
closed. ’ • 

P 5. Ilw coupling ol compotmd-wound dynamos in pawtl^J — 
SeraesVound dynamos are, However, but seldom required to work 
in parallel, and t}» above fcmarks are mfrely introduced awing 
to their applying‘equally welkto the series findings of qpmpountf 
machines when .worked in parallel. The arrangement usually 
adopted for these is shown in Big. 439, front which it will lie seen 


Fio 438 - Two J.'rii'5-woinnl Kin 43W Two cnmpmiiul- 

dynamtrt crujilnf rti ji.uaHrI. 4 vkfuiiul dynanvm coujilcd in 

• j'arallcl. 



that when the switches close'j. exactly as in Jh<* rase of series 
machines and for (he same reason, there are three junction points, 
namely, the leads from pne set of brushes a a' to tlic sifilcllhoard, the 
leads from What may tie called the " obiter ” ends d d' of the series 
^oils, and also the equalizing terminal, whith are themselves the 

* junctions of the «' inner ’* eittls b 4’ of*tip: series coils the other 
set of brushes. Ag|in, the equalizing wi»*6 b' must be of negligible 
resistance as compared with the sefies windings, 1 since any rfverse 
cflhent through the scries coils*of a com pound-wound dynamo will 
partially demagnetize it and finally overpower the^hunt # In erder 
to throw the one madiirft, s^y B, into parallel with tllb other, A, 

• Mien the lafter is running, B muet be run up to approximately 
i the same voltfcge as A, the excitation being provided by the shunt 

1 For a more exact calculation ot the petal bio resistance that the equator 
bar Owy tftvt. inf Miles Walker, Jht Diafnetinf of* Troubles in lihclrual 

kUKw, f. 278. • ,4, m * 
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alone , switch K is then closed, and finally switch S’, while,' d it be 
acquired to withdraw machine B from parallel connexion, its speed 
shfruid be slightly reduced until it is supplying little or no enrrefit, 
after whichiswitch S' is opened and lastly switch K The opening 
or closing of the two lonnexJ«rf> in dut order may be conveniently 
effected by a composite switch by which the contact at K is nude 
first on closing the switch arid broken last on opening it,* * ^ 

If Uie dynamo ammeters an placed in the Ip ids to the switch¬ 
board bqg bars,*)]! the same side d d as tlic series coils the sum 
of the curientx gives *thc totil amperes supplied‘to the external 
circuit,'but the sepirate readings of the instruments in noway 
indicate how the lo id is divide d between the several armatures, 
and one nr mole might be running is motors with current supplied 
by the other machines It is tlurcfure essential to place the 
ammeter of c ich dyn lino ill the U id hi the bus lur yehich is on the 
side a a' opiwsite to tin situ s mils ulien it wftl measure the current 
actually passing through till luiehini to whuh it is connected 
Further it is ulv mtageous to (uqiloy moving coil mi meters with 
a central /eio position uid i slant s< ik on one side so that the 
readings of tin nct.dk to urn or the oljur side of the zero render the 
. state of affniis evyhut it i gl mu In isary eisc ( either the hand 
whicl governing tin s]h* il of tin mgiiu 01 tlie shunt regulating 
switch must In uu|Aiyed to sutlti iqml division of the load 
5 6, Regulation it load between compotuid-wound dynamo* m 
parallel.— In the cast, of ovii-ioiiipoiimkd dynamos, it is not 
j;asy to secure an equal division of the load between several .uiarhines 
owing to small differences in their characteristic curves, and. even 
1 if at full-load the division is proportional to their respective capacities, 
it may not retain this strict proportionality throughout a wide 
range. The first requirement for running compound-wound 
machines of different tpako or of different output in parallel is that 
the drop of volts over the series winding!, and the leads connecting 
the outer positive and negative terminals to the bus bars on the 
switchboard should tfc the same for nil nuiohihes when carrying their 
proper share of the tidal current delivered lo the board; in other, 
words, the resistances of the*series coil,s and connecting leads should 
vary inversely as tlie nqfjjial full-load current fiVr each machine. 
If the junction points or the bus bars were immediately upon the 
machines, as in Fig, 439, and therefore added practically no resist 
ance„it would suffice that the external characteristics of the several 
machines ft theft-terminals should be alike, to secure proper division 
of the load. But such is not the casi in practice, sino: the switch-, 
board is usu’ally at some distance and also is at different distances 
from the mtchines; the connecting leads must therefore have 
appreciable resistances, and these may differ even wjicn the^nachines 
are of equal size. It is then necessity to insert in the connecting 
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leads small resistances to carry the full-load current, and of such 
amounts chat the drop of volts over both series winding and cotv 
H^fing .leads again Incomes in each case equal. The external 
characteristics at the bus bars on the switchlxrard nqg tints once 
again made similar, and although tityr-emu pounded each machine' 
wijl take its due share of the total load, so long as it is tunning 
aMha <»iTect*spce<V But.«whalever precautions are t^ken, satis¬ 
factory parallel working mu-t in the end depend upon the mechanical 
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governor as definitely ftxirjg tile speed for eaeh aiamiat of steam 
suppfy to Jhe prime’mowr. Thus »u|qx>M* that two dynamos 
• of equal size are running in parallel i»itli J|^< load equally divided 
"between them, and that V some rfason the sjxrd oj one falls 
slightly : its load decreases, while t hatthe other iftachine uses, • 
and this cl\pnge is Aeompanicd Itjaa similar change in their wit ages, 
m that the load tends to puss completely over to the machine 
which has maintained its si>eed. and Shis tendency is only lytld in 
check by the mechanical governor; no inhcreifP tTesffical effect 
comes into Action until a mfttor current is actually supplied from 
the machin<? t of higher voltage to assist in keeping up* (he speed of 
the machine whose voltage ha» fallen. Perfect diwision of the 
total orient between the several series coils, and also at the same 
time practically zero resistatjite between glie " inner " ends of the 





no CHAPTER xxm 

*t ' 

series coils, can be realized if the junction point between the '(Inner " 
ends is transferred to the switchboard and is effected by thtequalizer 
bar (marked = ) as shown in Fig. 440. ‘ The resistance; of 4he' 
connectingTeads is then adjusted so that the drop of volts at full* 

• loattos in each case equal and thf machines are on complete equality. 
But such an arrangement requires four leads to the switchboard 
from each dynamo, and a triple*break ^witch for each dyn^rqp. 

The amount of the compounding action of a machine jp frequently 
regulited by a jliverting switch and resistance wliieh shunts a portion 
of the cu*'ent aVay from the scries turns through ajoy-pass. When 
this is tj)c case* any alteration of the diverting switdh of one machine 
also affects the current through the series turns of the other machines. 
This may be corrected by the employment of a compensated series 
regulator, of which the principle is shown in Fig. 441 in connexion 
with a dynamo which is used as a shunt machine on a lighting load 
and as a compound-wound machine on & traction* load. In the 
position of the switch shown in the diagram, the current passes 
immediately through the arm from a to 6, and there is no com* 
pounding action at all. But when the arm is moved in a clockwise 
direction, a shunting resistance r, is inserted in parallel with the 
series turns R,„, and as the resistance t 2 increases step by step, more 
“ and more of the tttal current I passes through th^series turns. At 
the sume time, witlj a movement of the switch from its starting 
position .-f compensating resistance r, is inserted in series with the 
parallel branches of the series turns anti shunting resistance, and 
this resistance r t is gradually cut out until with the arm on contact 
frail Ihe current passes through the series turns, and the ifia.-Timum 
compounding action is obtained. On any contact (except the 
/ 'f j 

starting position) r t — y y- . R m , and r 2 < = — y— . R m , where 

R„ is the*Tcsistance of, the series turns and of the leads therefrbm 
to the regulating* switch. By tins means the resistance between 
the points**! it ul b is maintained perfectly constant at a value 
= and an incrcgV; of I,x from zero to / ;s obtained by six equal 
steps without in any pay Effecting the other machines which are* 
in parallel. * ♦ 

!' 7. Three-wire dynamds.- l or the purposq, of using a single 
dynamo on a three-wire system without any auxiliary bilancer, it is 
necessary to make connexion for the third^wire with a point nearly 
midvfay iry^Kdeutial between the positive and negative brushes. If 
a third set of brushes were applied at pdints on the ^commutator 
intermediate between the poSiive and negative bpishes, their 
position 'would, strictly speaking^ require adjustment according to 
the amount of load on the machine, and also according to the amount 
of out-of-balance ciirrent, but, apaft from this, Such' destructive 



WORKING OF CONTINUOUS CURRENT DYNAMOS 311 * 

• •' • • » ' * 

sparl^fr would ensue as to render the method practically in* 
admissdJte, An armature wound with two independent windings, 
ea«h (or hall the main voltage and the two connected in serictf, 
ifieetS the case Txittcr, as the third wire can he connected to tire 





Fig. 441.-—SeriesrrjjwIatnr fnru«npniy|i«| wfiilwlilynari'^iii parallel. 


9 m * 

common ^unctioniuniting the po$jtiv(*BiVshes ot one armature with 
^he negative brushes of the other; hut it involves two commutators, 
one at each end of the armature, and tviif sets of brush-gear, so that 
its cost is great, and it docs not admit of the ia>l Ve* of dhe side 
being regi^ted independently of the other save hy external means. 

A simpler method by which, without moving machinery and with 
a single armature, a central poyit may be found fo^ attachment of 
the third wire, is due rt> von Dnlivo Dobrowolskyand is not jnlre- 
qnenUy^fnploVed in small generating stations, as in factories, where * 
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some proportion of the motors or other plant is.better suited fafu low 
voltage, such as the half of the main voltage between tlfe outers, 
ft consists in thc'addition to the armature of two or more slip-iWijs 
eoch connected to the armature winding at a point or at points 
• corrwponding to an equivalent number of alectrical-degrees accord¬ 
ing as it is wave or lap, just*as in a rotary converter, and injhe 
connexion of these slip-rings to a choking coil. T|jc latterjia*» 
laminated closed magnetic circuit and p wound for as marly phases 
as thflre are si in-rings. 'Hie central point pf tlia windings of the 
choking •'ill which is. also called the " static balanceris then 
practicably midway in ])nlcntial between the [xisi^-o and negative 
brushes, and furnishes a [mint to whicti the third yrirc may be 
attached. * . 

In its simplest form two slip-rings are employed, and the choking 
coil is two-phase, one half representing a phase displaced 180° 
from the other half {although such an arraitgoftient is usually called 
“single-phase/) and the third wire is attached to the middle of 
the winding of the coil. Tin*two slip-rings are joined to any two 
]Miints 180" apart on a wave-wound armature, or on a lap-wound 
multipolar each is connected to /> [mints separated by a distance 
corresponding to a pair of poles, and dirse two sets of p points are 
'‘mutually displaced by a distance corresponding tfi the pole-pitch. 
The ]»ir of sli|>-ritigs with their brush gear may be seen in lug. 442, 
which shohrs a 440 £\V generator built by,the British Thomson- 
Houston Co., I.ul, for 3-Wire connexion. Wlien the armature is 
at work, an alternating li.M.h. is set up between the si ip-rings, 
and so long as the two sides of the network are exactly balanced 
or on open, external circuit, this simply causes a lagging alter¬ 
nating current of frequency pNj HO, which magnetizes the choking 
coil. As the windings of the coil should hive a very low resist¬ 
ance, the value of the magnetizing current is practically fixed Ijy 
the reactanec 2nf,', aitd the lossi in watts is thereby kept small. 
The virtual vnluge applied to the coil is dependent upon the ratio 
of the pole-arc to tiny pole -pitch, but oil diet assumption of a sine 
law distribution of the magqptic flux is with two slip-rings l/v/2 
0-71)7 of the voltage lit tluj brnshes on the commutator, and in 
general with increased nnnihers of slip-Yings Ix-ars <hc same ratios 
to tfie direct-current volti^fs as'yi a rotary converter. 


It a dynamo without any static balances is connected to a three-wire net* 
work, uF wJiich the resistance! and R t on the relative and positive sides 
respectively are pn^qual, the divergence of the potential of the third-wire 
from the mcaSt between the potentials of the brushes wilt be 


-!jv R .Vft, 


i^i + ^ 


according to whether Cho series wintfcngl'of resistance K m is on the neffttfve 
or the positive side of network. It mast be only on cjnc or otfrer side, 
since when the static balancer and third-tvire arc connected, th<} exttfui 
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current)^ the tyo sgics of ihr network will be different, and therefore* the 
■ SWJrt winding must not be halved since the voltage of the parallel c remta 
of^fle*nnaturr would then be different-* Hence is }x>sitivc when A + 
«- >' «j or m ihf second ewe when R t > (tf t 4 R^), \ < when the positive 
side has th^ lower resistance and is th*.* more heavily loaded. * 

When the static baluncfr ih connrctfd to thr generator but is still lift' 
unconnected to the third-wire, the potential of the erntrr point of the balancer 
«wre its phise windings unite, is from coiuiderat.ims ul sviumvtrv always 
emu* AjflwatPbetwwn thr ptierMials of the brushes. l>ue to^hr presence 
of the alternating current thrtywh thr balancer; the terminal voltage, the 



Fin. 442. ■ *£4d kW, 2J5 r pent., CJ-wjnr fprialnr. 


(The British Thomson'Houston Co., I.td.) 


. • 

external current, ami thr div .■rgrnce tf thr third-wire i.il are all < .tuned 

to pulsate slightly. Hut when the tappings b> thr annul me winding, say. 
of a 2-pha.se balancer arc pas^ig points HP ilitlncal degrfrs fr»>m the brush 
positions, tie install (arfr mis value of pulsating initial ilivergrilee of 
the potential of the thirff-wire (still unuiuyetCrdl is^idnitu-aJ with the value 
V’ 0 given above, and this particular moment netsV^one b»* considered, llnlen, 
therefore. the series winding ^ the generator happened rx.u fly to cqualm: 
the total resist an^s on the two sides of tht. network, tin* potential of the t 
third-wire differs fr«^m that of the cer.crc jflMtit of the balamrr. Thf run- 
teouence o# connecting the two together imn*t tie the flow of such out-of- 
jinnee currents through the balancer, divisions of the armature winding, 
and external network as wJI equalize (lie potential nf the two joints that are 
to be joined together. # • 

If we imagine the centre point of the balancer to lx* canneo, (He potential of 
the third-wife must be lowered flr raivyil to trto, aarf the numerical values of 
the potential# of both sets of brushes xiftl I* either'raise*! or lowered bv equal 
azoouQta: if tie keep the potentials of the brushes of equal numerical value but 
of Opposite sign, thr potential of the dtntfeof the balancer an<frnf the third-wire 

. 4 To AuUicct tiio Scries cods uit the several poles tf Innately to the positive • 
iod negative tides would be inconvenient p)d pndeurable with high voltages. 
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become alike and neither is zero. On either way of % conri daring^ b!^effect,, 
fjie new divergence of the potential of the third-wire from a value midway 
betjnrcn that of the 1 brushes* is reduced from'l'^ to a lower value whic^ at fthie 
same’moment is very closely * *' p • 

' •■&***) 

where is the number i»f phases, I 0 is the current jn the third-wire,And 
is the resistance <»l one limb or phase of f he balancer. • ^ m m 
The out-nf-balance currents in each phase of the balancer ar^ id the same 
diriitifii relatively u> the centre, i.e. all mftwards frfci\ it or inwards to it 
through the winding* of the balancer, according toVhichrside of the network* 
is the mor? htyivily loaded ", they are outwards if v e is positive or R x > R v 
ami the 4 side yf the network is the more heavily loaded. Tneir values 
pulsate, out they are equal at t lift moment assumed above. Hence if t is the 
natural alternating current nf a phase, it is approximate!jp. though not 
absolutely, fruc to nay that the current in any limtK'f the balancer i^made up 

of —constant In direction for given resistances on the two sides of the net- 

vy.irk. combined with i which alternate* in sign and value in^'ccordance with 
the lime. * * 

The out -of- balance current /^flowing in the third wire is frequently given 
an a datum «i design, but strictlv .speaking its value cannot be determined 
until the static Isibuicrr and the j^m-rator have been designed and the resist' 
ance r ^ of one limb or phase is known, as well a* tile resistances of the armature 
and series winding of the dynamo, bruin given values simply of R x and R v 
the resistances of the two sides nf the network, and of V t , the terminal voltage 
across the outers, it is only possible to state tW maximum ideal oul-of-balatlce 
•current ihhe volugf i»n either side of the network wen' five same, i.*. if the 

balancing weft* perfect. # T'his ideal value of l 0 is ™ If - 1 , and from this 

«, 2 «i«i 

in ns I usually be deduced the values of A\ and tf 2 wfcetl these arc nut definitely 
fl tilled. 

Assuming then the valiip* of ll t and A 1 ,, the real value of can be more 
accurately statin I. T.rt the current through the network without any-bn^ncer 
*■« ’ v V 

be 1 1 - - “-r* . " 6 . where \\ is live brush voltage. The series 

f /Tj **j *'j t Oj i m 

winding, Ixing necessarily arranged only on one side ofetfte network in order 
that the voltage of the parallel circuits of tlvc arma^ire may be equal, is her* 
lev limed to t>e oil the same side as R f , and since wc are not now concerned 
with the sign or direction of l r 9 or l 9 , R x may l»e simply made the higher 
resistance so tlufl the comblitms are a^ their worst. 

f f», I K m J\) T>iR i + *C\ + Rj 


Then 


where U* has the folhmii?^ values--- 
In the *2 -phase case, if ■■ *2{R X t It h 


W 


{R* + + ^e) 


, 3-phas.t i- RJK, f fr pt (If, + R.-+ R m -HR,) 

, t R, + K m + 1 »,1 

.. 4-plw*- *= RJR.-t, i f, h (R,+ R,+ R.+ RJ 

^l';.(R.+ R.+V t R,) 

Tl.p first design must, howuver. be to determine r^. If y tie 

fraction wlvichvliu rxct'Ss voltage on one side,of th6 network may be pemvtted 
to be of the half brush voyage, i.e. ^ ^ 

i‘i 2v c R t .-f- Rg » 

y r r^/2 ~ T/-k x +B x +n m m 

t - y u 9*(Ri +£•" 

** _ A, + R m ) 2 
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increase iw tfie n ember of slip-htxjpi, the advantage is gained that 
thelout-of-bnlance current is more uniformly distribute^ over tbe armati*e 
jWuiXg,.and loe^ heatingjs minimized . 1 . m 


A 8. Foundations and erection of dynamos.- -It remains t* add 
a few remarks on the fixing and waking of dynamos and motors 
•fcg'SPtfah J»* th* first p^ice, good foundations are as much an 
essentia?fqr successful working as a good qjaehine. inasmuch as any 
, vibration is mostafttripicntal to the life ofthearntiiluro.comintitator. 
and brushes. Jdic ground should be excavated .i#tmnd and 
solid bottom breached, on which may be built up,! foundation of 
concrete, of concrete and brickwork, sufficiently massive to 
absorb £nd damp thtyfibration of a fast-running dvnnmo or engine. 
With small motors, Lewis holts having a lajieriug shank of rect¬ 
angular section with jagged edges are used I n hold down the hed- 
plate or slide'-rai's: ailtl square holes required tor ilnse bolts are 
cut into tile concrete, their position being marked r/f usually from 
a wooden template of the slide-rails. and when these latter arc 
ready to be laid down the bolls are dropped in and fixed by lead 
or sulphur cement run in round them. With larger dynamos, long 
holding-down bolts are used, passing right through to the bottom 
of the concrete %nd terminating at their lower rtirh. in large squat? 
plates. The holes for such Isilts are hinoejJ in tin eom wle by 
inserting long tapering wooden boxes, of square seel ini? and made 
collapsitile for the purpose of withdrawing, through which pass the 
bolts ; when the bed plate is in position, tlifei cement is run in round 
the^dffk until the holes are tali, and is (hen allowed to sel witlicit t 
disturbances 1 rwi 11 cases, the upper surface of tho foundation 
should be careKry levelled with a straight-edge and spirit-level, 
or a smooth slab of York stone may tie used as a seating on the ^ip 
of the concrete. 

Perfect steadiness of driving i« of great itnpirpinee, especially for 
direct incandescent lighting; a very slight fluctuation^ in the speed 
of the dynamo, even though it be not great enyugh to cause .s]iiirking, 
is immediately discernible as a pulsation in die light of the lamps, 
owing to the slight change of li.M.l’. pi wKitli it gives rise (hi this 
account some types of gasdir oil engine j are inadmissible for direct^ 
lighting owing to^heir great Sucy.atirfi Vif speed during each fycle, 
even whefl fitted with heavy fly-wheels, When such primc’in overs 
are used, the dynamo is usually worked in conjunction with an 
accumulator battery, and even then ft is advisajjlp-for^hc dynamo 
to be itself fitted with** heavy disc fly-wh^el*' In stfch cases, the 
secondary Jells should nevtr be placed in the same |oom with the 
dynamo, sii*ce the cotton or other fibrous insulation of the dynamo 
♦ * * * 

1 For JZ luller treatment, vide " The Theory oi Jiw Static Balance!)'' by 
C. C, Hfwfana. jo»>« I.F. F.. \fcl. 45. p. 704 and that. Vol. 87, p. 342; 
and H. iAnw, E.h.M., Vol. 35*{I9I7), p.,90. t 
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wires is rapidly attacked and eaten away by tfte«cid spray^fCen off 
<fuyng the process of charging. * * . * 1 

• After the machine has been fixed in position, the trmature'should 
•be twrncd round by hand to sqe that it rpvolves freely and that 
nothing is loose ; it should thel? be run for some time with the brtisfies 
raised from the commutator, in order to test the alignment of Ihe 
bearings afid of the machine gencralft. The adjustment Si the 
brushes when lowered*on to the commutator, requites careful 
a’ttention% usually lnu-s arc cut orp the collar dr' sectors of the 
commutator njxt to the outer licaring (these lines corresponding 
to the angular pitch of the poles), and to them the brushes must 
be set, the tips of facli set of brushes carried by otft arm of the 
brush gear being in line with one setting mark. 

All screw contacts should bo firmly strewed up, and any dirt or 
lacquer (if such then: be) on the points of twqjinaJ-scTews should be 
cleaned off. ^’ant of contast of the brushes on the commutator or 
elsewhere may cause a failure <»f the dynamo to excite. The electrical 
connexions should lie carefully examined and verified, in especial, 
the connexions to the field-magnet coils, On starting, it should be 
borne in mind that a shunt-wound dyrtumo will not excite on a very 
"tiiw resisjaifre, or *• series-wound dynamo on a very high resistance. 

If. therefore, a shunt-wmifhl dynamo fails to excite even when the 
main switch is opeii^a short circuit in tile leads is a possible cause. 
Any such difficulty will usually be solved by testing with an 
ordinary linesman's detector; or, in default of a solution by' this 
means, trial may lie made with the connexion of the bndi*1tads 
to the fn'ld,wmdmg transposed, in case it is through misconnexion 
that the field will not excite. 1 , « 

If a machine has been slioTding for long out of action, and its 
windings are consequently very flump, it should be run at a low 
voltage for softie Ijjtle time until if becomes thoroughly dry. * 

$ 9. Cue ol machine in working.- To bed a new set of carbon 
brushes, a tong strip of tine emery or carborundum cloth should 
)>e strained taut against till 1 curved surface: ol the commutator, 
and then be drawn nfAilc^y in the direction of rotation under • 
the face of t|ie brushes, wjiich are meanwhile preyed down on to 
it Ity their pressure spring*,' After any such operation, the tips 
of the 'brushes must be cleaned from any adherent copper dust. 

For the filling of the lit^ricatorx copper oil-cans should invariable" 
he us#d, sipce,(rgji cans are liable to Ire drawn to the magnet, and 
thereby pcrDaps cafise damage by catching in the armature. All 
oil-pipes and.waste oif'chamberVequire occasional attrition to see 
that they arc not clogged. If fror.n any neglect in this respect, or 
from original 'defective construrtidh, lubricating oil creeps from the 

1 For other causes of* failure li» excite their remedied, im Jtlil&t Wtlkcr, 
The pj Troubles f* i-jff/ricai AfatAmei. jip 287 28#.' 
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bearing^pn to the sunacc^of tile commutator, it becomes carlwitlzed 
i by any sparking at the brush-tips, and forms a thin conducting filin' 
which'bridges across the strips of insulation 1 ret ween tins sector# of 
the commutator, the result being a loss of K.M.R duiato the local 
leakage which ‘ensues between nti^ihuiiring coils; while ff oil 
further makes its lyay on to the armature winding, it Jins a’dc- 
f?Bbr*ttJjg effect on the protecting varnish, and eausrf adherent 
deposits of*dirt an<i copper dust, livery dynamo should (hyelore 
be kept clean,<nd in-especial its commutator retires sirupulmw 
care on this ptjnt. A small air compressor, hy mei.n^ol which 
the dust collected by the armature connexions and winding may 
be blown o»t at intervals, is a valuable arei-ssory to any large 
installation. The teTflnnals and insulating washers of the brush 
gear occasionally require he wiped to remove any <lust rvliieh 
may have legged on tjieni. With carUm hrnslies paraffin wax 
may bo sparing!/ uStd as a hibrieant and to prevent chattering. 

If carbon brushes show signs of cornier dust wolfing into their 
bearing surface, any sueh cop|ieriilg must be earefnlly scraped away. 
Tlic dark burnished lustre which may be seen on the commutator 
of a good non-sparking dynamo is I lie sure evidence of a careful ’ 
attendant. Occasionally, before stopping. tine iTl|i-ry»cloth miij^ 
be applied if tlic surfai e shows signs o(,»veaiing into gronves and 
becoming uneven. If a tint begins to develop i«i one or njjnv sectors 
(Chapter XX, jj 49), itfiiay olten hi- ground mil by applying a hard 
stone with curved face to the commutator when running. Hut if 
the has gone too far for such remedy, the armature must lx; 

put in a lathe and the commutator surface turned up true: the 
too! should he sharp and fine-pi lillt'-d. and tin' feed shoftld be light,# 
so as not to drag the copper over (lie insulating strip-, of mica ; 
after turning, it should lie lightlyiiled with a smooth file, and finally 
examined to see that no particles of eopjier are cmhoddjd i*i (lie mica, 
bridging adjacent sectors.’ Still Better is it to grifld the commutator 
true in place by means of^a small motor-driven ciwrwwheel. 
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PREFACE 


subjeeFof the|ow tei^ierature oarbonisation of’Jbal is one which is attract¬ 
ing con#iderable attention at the present time; although it cannot be claimed that the 
difficult problems, involving both scientific and economic w tolerations, ta^/yet, 
been qpmpletely solved, there can be no doubt that considerable ^ogress has been • 

made in the ^ireaflon of their solution. 

♦ . , 

% .The geaeais of the book has been explained bf Sir (Aeorge Beilby in the Fore¬ 
word- Its preparation proved to be df considerable difficulty as the subject is 
capidly developing and many of the problems involved Stffl require much further 
exploration, l It was felt, howevor, tliaf the subject *ould Rest be dealt with by 
giving tfce most reliable data on the different aspens of the work together with suoh 
conclusion# as can e^ely^e drawn from them. Unfortunately it is not always 
possible to draw definite conclusions and the Authors are only too well aware that, 
of necessity, some of the sections have been left with an incomplete survey of the 
aspects io which they relate. An attempt has been made to dissect the. variables 
and to make each chapter^self-contained so far as is possible. Such a method of 
treatment, however, inevitably jpvolves a certain amount of repetition in a subject* 
where such variables are so cksely"interrelated as in the present one. 

The Authors have made use of material contained in official publications 
^and have to thank the Controller of II.M. Stationery Office for permission,!*) 
reproduce certain diagrams from these reports. Free use has been made of 
data contained in the proceedings of technical societies as well as of articles in the 
technical Press; where possible Aeae have been acknowledged in the text. 

Tho Authors wad, to express their grateful appreciation of the advice and help 
“which they have received from Sir Beilby and for the interest which he has 

taken in the work ; it is indeed to him they owt any special knowledge of the sub¬ 
ject that may have justified them in undertaking the task. 

They ais* wish to express their ^rnnks bj Dr. It. V. Wheeler and Dr. C. R. 
Young; to the former for much helpful criticism of the portfbnS bearing on the 
constitution of coal and other aspects ofjthe subject? which he has mad# peculiar'y 
his own, and to Jhe latter for*lielp gnd atbdce itj/hfl preparation of the sections 
bearing on the*chemistiy of the^ubject. 

They are greatly indebted to Professor H. 0, H. Carnent^f, F.R.S., who* fias 
given advice on the properties of castawm and othjr Aieta|» \tVn exposed liigh 
temperatures. 
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They are afeo indebted to Dr. Jiargaret Fiahenken, Mr. 5.' G. King and. other 
colleagues for. much valuable assistance and to many firms arfd individuals wh'o have 


supplied .drawings and details o’f fheir processes. r < 

In conclusion the' Authors must pay a t.ibute to the generous manner in which 
MisB G.'I. M. IMair has devoted her scanty leisure to preparif^ thp manusyipt 
lor publication and for Beeing the work through the press. ' 

C. H. L* 


K. F. McR 



FOREWORD 


Irwwas suggested ty me es/ly in 1921«thal a book on the subject "of low tempera¬ 
ture e^boniaation would be welcomed by many wjio.are interested in schemes for the 
more efficient utilisation of our coal resources. It is now»widety ^ecognisoitha^this 
subject i%of national importance, for if it. becomes commercially feasible to carbonise , 
in this way any atmsiderable proportion of the tens of millions of tons of the coal 
annually consumed in the raw state in Great Britain, lflw temperature carbonisation 
would play a vital part in tire solution of the fiSioke problem and in that of the 
.home production of motor spirit’and fuel oils'. The s9t|et9, however, is far from 
simple., for ^ts physical, chemical, mechanical audj ecijpomic, aspects arc so closely 
ititerwo^ven that only after an intimate study of yil these aspects ought any serious 
estimate of its development as a national industry to be attempted. * In tho absence 
oftthufall-round knowledge muck that has beeu publicly spoken and written on 
this subject has been not merely futile but actually harmful to genuine progress. 

In tho Government Department of Fuel Research a carefully thought out scheme 
•of inquiry has been steadily pursued for tho past six or seven years. Tlies’; inquiries 
embraced not merely the‘first-hand experimental work carried out at lf.M. Fuel 
Research Station, Imt the sirmfai^work of outside inventors and experimenters^gil 
Aiver the world. , ' 

The intimate association of Dr, Lander and Mr. McKay with the course and the 
• results of those inquiries, and their complete dissociation from any interests, direct 
nr indirect, in the curiimercia! development of any particular schemes, placed them 
-in an almost unique jiosition as the Authors of a wfcrk on this subject. 

With the full concurrence of tlio Department of Scientific and Industrial Research 
I therefore asked Df. lander arn^Mr. McKay to undertake this work. This they 
ultimately agreed to do, though nor a about considerable hesitation, in view no 
doubt of the heavy additional strain on tlyjir time and energy which would be 
involved. 

Having tiow before me the work a whole I feel that the pressure put on the 
Authors to undertake this exacting task has been fully jus tiffed* The more fully 
this Work is studied the more evident jrill it become that the Authors* have ap¬ 
proached and dej.lt with their subject not qnly wi$t gfcat breadth of view but with 
a keen appreciation of the technical and Economic problems whictTiiave bjen solved 
or are still awaiting solution. * * 

G. Beh,by. 

IfWDON, 

March, 1824, 
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